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Sustainability of agro-ecosystems must consider land use and water and soil management 
effects on groundwater recharge. Water flow beneath the plant root zone through the 
intermediate vadose zone determines potential groundwater recharge. Different land uses, water 
and soil management practices control deep percolation as a result of changes on 
evapotranspiration and infiltration. This study of the impact of surface activities on deep 
percolation was conducted at six locations across Nebraska: Two center-pivot irrigated no-till 
planting systems fields were compared with one tilled center-pivot irrigated field, a furrow 
irrigated field with multiple tillage treatments, an eco-fallow dryland farming system, and a 
native rangeland. Deep profiles of water content and nitrate-nitrogen data were collected from 
soil samples obtained using direct-push coring to 19+ m depths. Two methods were used to 
estimate potential groundwater recharge: Nitrate peak displacement method and Darcy’s Law 
with unit gradient assumption. Results indicate that groundwater recharge was affected by land 
use. Potential groundwater recharge of furrow irrigated fields>center pivot irrigated 
fields>dryland eco-fallow>native rangeland. Although furrow irrigation resulted in greater 
potential recharge, it is not necessarily better for the aquifer due to the larger amounts of water 
extracted from the aquifer for furrow irrigation compared to CP irrigation. While tillage practices 
did not cause differences in recharge under center pivot irrigated fields, tillage practices did have 
an impact in the furrow irrigated fields, especially at the upstream end of the furrows. 
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1. Chapter 1: Introduction 
In Nebraska, precipitation ranges from 300 mm in the west to 800 mm in the 
eastern part of the state (NOAA, 2015), providing 314,189 ML d
-1
 (mega liters per day)  
(Bartz et al., 1987). Numerous rivers, such as the Platte, the Republican and the Niobrara 
flow eastward across much of the state while others, such as the Loup, the Big Blue and 
the Elkhorn originate within Nebraska. Also, the northeastern and eastern sides of the 
state are bordered by the Missouri. The spatial variability of rainfall distribution together 
with the need for economic crop production has resulted in a significant dependence on 
supplemental irrigation which is the largest water use in the state. 
In Nebraska, 44.3% of all off stream use of water is supplied by surface water 
while the remaining 55.7% is provided by groundwater (Bartz et al., 1987). About 95% 
of all water pumped from aquifers is used for irrigation (Gutentag et al., 1984). The 
aquifer provides 94.7% of all groundwater withdrawals for agriculture and 92% of 
groundwater withdrawals for all uses in Nebraska, providing water to 71.5% of  total 
irrigated lands (Bartz et al., 1987). Eighty-four percent of Nebraska’s lands (164,852.7 
km
2
) together with seven other states (Colorado, Kansas, New Mexico, Oklahoma, South 
Dakota, Texas, and Wyoming) overlie the largest aquifer in the US, the High Plains 
Aquifer (450,657.9 km
2
). Thirty-six percent of the aquifer is overlain by Nebraska 
(Kastner et al., 1989; Bartz et al., 1987). Sixty-six percent of the aquifer water storage 
(4,007,250 hm
3
) is in Nebraska (2,644,785 hm
3
) while 12% is in Texas (480,870 hm
3
) 
(Dugan et al., 1994; Bartz et al., 1987; Gutentag et al., 1984). Groundwater development 
for irrigation turned the High Plains into one of the primary agricultural regions in the 
US. 
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Irrigation and well-drilling methods have improved dramatically over the last 120 
years: from windmills extracting water from shallow hand-dug wells in early 1900’s, to 
23,000 irrigation wells in the middle 1950’s (Bartz et al., 1987), to today’s  +117,000 
irrigation wells across the state. This increase in groundwater extraction for irrigation has 
led to a decline in groundwater levels over time.  
About 72% of the irrigated land in Nebraska is irrigated with sprinkler systems 
which are predominantly center pivots (98%) (Johnson et al., 2011). Surface irrigation is 
used on about 28% of the land in Nebraska with the majority of the surface irrigated land 
using furrow systems.  Corn is grown on 70% of the land irrigated for crops and soybeans 
on 19% of the irrigated land. By using low pressure center pivot systems, both energy 
and water efficiency can be greatly enhanced. As of 2008, 40% of the center pivot 
systems in the state were classified as low-pressure (under 30 PSI) and accounted for 
1.08 million irrigated ha (Johnson et al., 2011).  
The improved efficiency in irrigation systems and water delivery systems is not, 
however, enough to counteract groundwater withdrawals. Water-level changes from 
predevelopment of irrigation to 2009 indicate a depletion of about 330,000 hm
3
 of water 
(4.3 m water level decline, area-weighted)  (Scanlon et al.,  2012); while from 
predevelopment to 2013, water-levels ranged from a rise of 26 m to a decline of 78 m. 
Water-level changes from 2011 to 2013 ranged from a rise of 5.8 m to a decline of 13.4 
m (McGuire, 2014). 
Young et al. (2014) provide possible reasons for changes in groundwater levels in 
Nebraska. Distribution of surface water from Lake McConaughy flows through the Tri-
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County Canal and a series of reservoirs toward Dawson, Gosper, Phelps, and Kearney 
Counties. Seepage of water from these irrigation-distribution systems and from deep 
percolation from cropland has raised groundwater levels more than 27 m in spite of 
significant groundwater development in the region. Contrarily, east of this area, water 
levels show declines of 3-15 m, probably due to groundwater development and lack of 
surface water sources. The largest declines (>24 m) occur in the southwest corner of the 
state. 
Research is needed to estimate annual groundwater recharge and address 
Nebraska’s water resources and agro-ecosystems sustainability. Scanlon et al. (2006) 
compiled a global synthesis of annual groundwater recharge estimates for semi-arid and 
arid regions across the world and presented one single study across the entire state of 
Nebraska. The latter study indicated that annual groundwater recharge ranges from 3 mm 
(southwestern Nebraska) to 163 mm (eastern Nebraska) (Szilagyi et al., 2005). Later, 
Szilagyi et al. (2012) studied the application of a novel water balance groundwater 
recharge estimation technique based on MODIS and ancillary climate data in the 
Nebraska Sand Hills region and found that this region receives 73 mm of mean annual 
groundwater recharge (14 % of precipitation, 513 mm). Their extremes values ranged 
from 40 mm (west, 10% of precipitation) to 200 mm (southeast, 30% of precipitation, 
700 mm). Recently, Szilagyi and Jozsa (2013) generalized the same water balance 
approach by including water vulnerability code values together with runoff distribution 
that allowed the calculation of net recharge through an exponential function presented in 
their study, providing estimates statewide. However, recharge in the latter study (net 
recharge) is defined as the net flux of water across the groundwater table, and as such can 
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have negative values when the flux is directed away from the groundwater due to, for 
example, irrigation (Szilagyi and Jozsa, 2013). Nevertheless, there has not yet been a 
detailed study that provides estimates of mean annual groundwater recharge for regions 
in Nebraska where loess is the soil parent material. The soils developed in loess have 
great importance to crop production in Nebraska, the Great Plains of the U.S. in general, 
and in the Mississippi River Basin. Much of the Corn Belt soils were developed from 
loess as well as the soils in the Mississippi Valley and the Palouse region of eastern 
Washington and northern Idaho. In Nebraska, there are about 7.5 million ha of loess 
derived soils and about 60% of the cropland in the state and over 50% of the irrigation 
occurs on soils that developed from loess. These soils are thus very important to food 
production in the world, both for rainfed and irrigated crop production. 
The objective of this study was to estimate annual potential groundwater recharge, 
that is, natural recharge and deep percolation due to irrigation (return flow), under 
different land use and water and soil management practices in south central Nebraska 
which is part of the Northern Great Plains Region of the U.S. The main contribution of 
this thesis is Chapter 2 which will be published in the Vadose Zone Journal with the 
following authors: Gustavo Bosch-Rubia, Dean E. Eisenhauer, Jessica Deck, Andrew 
Volkmer, Suat Irmak, John Gates, Justin Gibson, Derek M. Heeren and Humberto 
Blanco-Canqui. 
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2. Chapter 2: Land Use and Water and Soil Management Impacts 
on Potential Groundwater Recharge in Loess Regions of South Central 
Nebraska   
2.1. Abstract 
Sustainability of agro-ecosystems must consider land use and water and soil 
management effects on groundwater recharge. Water flow beneath the plant root zone 
through the intermediate vadose zone determines potential groundwater recharge. 
Different land uses, water and soil management practices control deep percolation as a 
result of changes on evapotranspiration and infiltration. This study of the impact of 
surface activities on deep percolation was conducted at six locations across Nebraska: 
Two center-pivot irrigated no-till planting systems fields were compared with one tilled 
center-pivot irrigated field, a furrow irrigated field with multiple tillage treatments, an 
eco-fallow dryland farming system, and a native rangeland. Deep profiles of water 
content and nitrate-nitrogen data were collected from soil samples obtained using direct-
push coring to 19+ m depths. Two methods were used to estimate potential groundwater 
recharge: Nitrate peak displacement method and Darcy’s Law with unit gradient 
assumption. Results indicate that groundwater recharge was affected by land use. 
Potential groundwater recharge of furrow irrigated fields>center pivot irrigated 
fields>dryland eco-fallow>native rangeland. Although furrow irrigation resulted in 
greater potential recharge, it is not necessarily better for the aquifer due to the larger 
amounts of water extracted from the aquifer for furrow irrigation compared to CP 
irrigation. While tillage practices did not cause differences in recharge under center pivot 
irrigated fields, tillage practices did have an impact in the furrow irrigated fields, 
especially at the upstream end of the furrows. 
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2.2. Introduction 
Sustainability of water resources must consider the hydrologic impact of land use 
(LU) and water and soil management practices (WM). Conversion of native vegetation to 
cropland has often been associated to an increase in groundwater recharge, especially in 
rainfed and surface water irrigated croplands (Kurtzman and Scanlon, 2011; Scanlon et 
al., 2005; Scanlon et al., 2007; Ruprecht and Schofield, 1989). Contrarily, conversion of 
grassland to deep-rooted Eucalyptus (Eucalyptus Camaldulensis Dehnh.) showed a 
decrease in groundwater recharge (Jobbágy and Jackson, 2004). Changes in groundwater 
recharge have been linked to changes in evapotranspiration (ET) due to shallower root-
growth depth of croplands (Tennant, 1976) compared to deep-rooted native vegetation 
(Zhang et al., 2001; Hodnett et al., 1995).  
Eighty-four percent of Nebraska’s lands (164,852.7 km2) together with seven 
other states (Colorado, Kansas, New Mexico, Oklahoma, South Dakota, Texas, and 
Wyoming) overlie the largest aquifer in the US, the High Plains Aquifer (450,657.9 km
2
), 
and 36% of the aquifer is overlain by Nebraska (Kastner et al., 1989; Bartz et al., 1987). 
Sixty-six percent of the aquifer water storage (4,007,250 hm
3
) is in Nebraska (2,644,785 
hm
3
) while 12% is in Texas (480,870 hm
3
) (Dugan et al., 1994; Bartz et al., 1987; 
Gutentag et al., 1984). About 95% of all water pumped from the aquifer is used for 
irrigation (Gutentag et al., 1984). The aquifer provides 94.7% of all groundwater 
withdrawals for agriculture and 92% of groundwater withdrawals for all uses in 
Nebraska, providing water to 71.5% of  total irrigated lands (Bartz et al., 1987).  
Groundwater development for irrigation turned the High Plains into one of the 
primary agricultural regions in the US. Across this region, water-level changes from pre-
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development of irrigation to 2009 indicate a depletion of about 330,000 hm
3
 of water (4.3 
m water level decline, area-weighted)  (Scanlon et al.,  2012); while from pre-
development to 2013, water-levels ranged from a rise of 26 m to a decline of 78 m. 
Water-level changes from 2011 to 2013 ranged from a rise of 5.8 m to a decline of 13.4 
m (McGuire, 2014). Young et al. (2014) provide possible reasons for changes in 
groundwater levels in Nebraska. Distribution of surface water from Lake McConaughy 
flows through the Tri-County Canal and a series of reservoirs toward Dawson, Gosper, 
Phelps, and Kearney Counties. Seepage of water from these irrigation-distribution 
systems and from deep percolation from cropland has raised groundwater levels more 
than 27 m in spite of significant groundwater development in the region. Contrarily, east 
of this area, water levels show declines of 3-15 m, probably due to groundwater 
development and lack of surface water sources. The largest declines (>24 m) occur in the 
southwest corner of the state. Differences in groundwater responses to withdrawals are 
mainly due to how annual precipitation ranges across the state, from 800 mm in south 
eastern Nebraska to 300 mm in the western part of the state (NOAA, 2015) and how 
much surface water is available from supplemental irrigation (Young et al., 2014). 
Turkeltaub et al. (2014) found that an average reduction in rainfall of 19% at a non-
irrigated wheat field in Israel caused an average annual groundwater recharge decrease of 
44%, from 199 to 109 mm.  
The effects of LU and WM impacts on groundwater recharge and water-level 
changes have not been studied in detail. Percolation in the intermediate vadose zone 
(IVZ) of non-irrigated croplands may be significantly different from that of irrigated 
croplands. Different geographical locations of irrigated croplands are subject to different 
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climatic conditions (average annual rainfall, wind speed, solar radiation, etc.) and also 
have different IVZ textural distribution versus depth below soil surface.  
Tillage practices can also influence percolation in the IVZ by affecting 
precipitation and irrigation water infiltration at the surface of the soil and in the root zone 
(Volkmer, 2014). Katupitiya et al. (1997) found that nitrate-nitrogen accumulation in the 
IVZ is greater for disk and surface-plant than that of ridge-till and slot-plant in furrow 
irrigated land. The same study found that the depth of penetration of water was greater at 
the upstream end than at the downstream end of the furrow. Long-term no-till conditions 
have been associated with increased residue cover, increased infiltration and reduced 
runoff (Volkmer, 2014). 
The focus of this study is in regions where soils were developed from loess parent 
materials (eolian silt and clay materials). The soils developed in loess have great 
importance to crop production in Nebraska, the Great Plains of the U.S. in general, and in 
the Mississippi River Basin. Much of the Corn Belt soils were developed from loess as 
well as the soils in the Mississippi Valley and the Palouse region of eastern Washington 
and northern Idaho. Outside of North America loess soils are a significant feature in parts 
of Europe and in China, for example the loess plateau in China. In Nebraska, there are 
about 7.5 million ha of loess derived soils and about 60% of the cropland in the state and 
over 50% of the irrigation occurs on soils that developed from loess. These soils are thus 
very important to food production in the world, both for rainfed and irrigated crop 
production. Four middle-to-late Quaternary loess units have been identified and 
correlated on the Great Plains, from oldest to youngest, namely Loveland Loess, the 
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Gilman Canyon Formation, Peoria Loess and the Bignell Loess (Schultz and Stout, 1945; 
Muhs et al., 2008; Bettis et al., 2003; Mason, 2001).  
Several methods for estimating groundwater recharge and groundwater quality 
have been developed and applied in the last four decades (Turkeltaub et al., 2014; 
Szilagyi and Jozsa, 2013; Kurtzman and Scanlon, 2011; Szilagyi et al., 2012; Scanlon et 
al., 2005; Klocke et al., 1999; Katupitiya et al., 1997; Bobier et al., 1993; Spalding and 
Kitchen, 1988). Comprehensive summaries and recommendations for choosing 
appropriate techniques are provided by Scanlon et al. (2002) and Healy (2010). In this 
study, potential groundwater recharge is defined as water that deep percolated beyond the 
root zone, is draining through the IVZ (unsaturated zone) and will potentially reach the 
water table (saturated zone). By this definition, potential groundwater recharge includes 
natural recharge due to precipitation and deep percolation due to irrigation. 
Scanlon et al. (2006) compiled a global synthesis of annual groundwater recharge 
estimates for semi-arid and arid regions across the world and presented one single study 
across the entire state of Nebraska. The latter study indicated that annual groundwater 
recharge ranges from 3 mm (southwestern Nebraska) to 163 mm (eastern Nebraska) 
(Szilagyi et al., 2005). Later, Szilagyi et al., (2012) studied the application of a novel 
water balance groundwater recharge estimation technique based on MODIS and ancillary 
climate data in the Nebraska Sand Hills region and found that this region receives 73 mm 
of mean annual groundwater recharge (14 % of precipitation, 513 mm). Their extremes 
values ranged from 40 mm (west, 10% of precipitation) to 200 mm (southeast, 30% of 
precipitation, 700 mm). Recently, Szilagyi and Jozsa (2013) generalized the same water 
balance approach by including water vulnerability code values together with runoff 
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distribution that allowed the calculation of net recharge through an exponential function 
presented in their study, providing estimates statewide. However, recharge in the latter 
study (net recharge) is defined as the net flux of water across the groundwater table, and 
as such can have negative values when the flux is directed away from the groundwater 
due to, for example, irrigation (Szilagyi and Jozsa, 2013). Nevertheless, there has not yet 
been a detailed study that provides estimates of mean annual groundwater recharge for 
regions in Nebraska where loess is the soil parent material. 
Nebraska’s agriculture relies on both continuous and sustainable groundwater 
supply and local groundwater recharge data is currently needed. Sustainability of the 
state’s agro-ecosystem and water resources must consider the effects of different land 
uses and water and soil management practices on potential groundwater recharge. The 
objective of this study was to estimate annual potential groundwater recharge, that is, 
natural recharge and deep percolation due to irrigation (return flow), under different land 
use and water and soil management practices in south central Nebraska which is part of 
the Northern Great Plains Region of the US. Land use (LU) and water management 
(WM) practices that will be considered include native rangeland, irrigated and dryland 
cropping systems, sprinkler and furrow irrigation systems, and tilled (T) and no-till (NT) 
practices. 
2.3. Materials and Methods 
2.3.1. Research Area 
Field sites included a NT and T field in Phelps and Fillmore Counties, a NT and T 
furrow irrigated field in Clay County, Eco-fallow (EF) dryland farming and a native 
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rangeland (RL), both in Harlan County (Table 2-1; Figure 2-1). All of the sites are 
located in south central Nebraska.  
Table 2-1 shows information about geographic location, depth to groundwater 
(DNR, 2015) and mean annual precipitation (NOAA, 2015). Location was selected in 
order to detect differences in potential groundwater recharge due not only to diverse LU 
and WM but also to differences in average annual precipitation, depth to groundwater and 
groundwater level changes since predevelopment. The use of the sites in Clay County is 
added to study different tillage systems impact on potential groundwater recharge in 
furrow irrigated fields at upstream and downstream ends of the furrow. The tillage 
systems at the furrow irrigated fields used were slot plant (SP), disk and surface plant 
(DSP) and ridge till plant (RT), and corn-corn (CC) and corn-soybean (CS) rotations.  
2.3.1.1. Irrigated Cropping Systems 
Study areas in Phelps County included two center pivot (CP) irrigated sites, one 
under NT and another under T management. Soils at both sites were classified as 
Holdrege silt loam (USDA, 2015) with a measured slope of 0.4% (Deck, 2010). Both 
sites are cropped in a corn/soybean (Zea mays L., Glycine max L. Merr., respectively) 
rotation. The other CP irrigated fields are located in Fillmore County, southeast 
Nebraska, cropped in the same rotation than the latter. The study area contains Crete silty 
clay loam soil (USDA, 2015) with a slope of approximately 1% (Table 2-1). These sites 
were established as part of Nebraska Water and Energy Flux Measurement, Modeling 
and Research Network (Irmak, 2010). 
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Data from two previous research projects that had been conducted in Clay County 
at the South Central Research and Extension Center (now South Central Agricultural 
Laboratory) were included in this study in order to expand the data set  and have a wider 
variety of treatments (Katupitiya, 1995; Bobier, 1992). Katupitiya et al. (1997) compared 
the long-term effects of disk and surface plant (DSP), ridge-till (RT) and slot-plant (SP) 
tillage systems and CC (corn-corn) and CS (corn-soybean) crop rotations on nitrate 
leaching from the root zone and the level of nitrate accumulation in the IVZ at upstream 
and downstream ends of furrow irrigated plots, while Bobier et al. (1993) determined the 
rates of downward movement of nitrate beneath the same tillage plots (DSP, RT and SP). 
2.3.1.2. Eco-fallow Dryland Cropping System 
In the western Great Plains, precipitation limits crop production making 
precipitation maximization a priority. The EF farming system is an alternative to the 
traditional wheat-fallow rotation which allowed a 14 month fallow period for soil 
moisture accumulation. The EF technique is an intensification of the wheat fallow 
rotation, producing two crops in the three years with a summer annual row crop such as 
corn or sorghum (Sorghum bicolor (L.) Moench) and winter wheat (Triticum spp.) 
(Farahani et al., 1998). The timing of the two fallow periods and crops of this rotation 
system provides a better fallow efficiency than the traditional wheat fallow rotation 
(Peterson et al., 1996). 
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Table 2-1. Summary of land use / water management, soil mapping unit, depth to 
groundwater and average annual precipitation for study sites. 
Site 
Land use / 
Water 
Management 
Latitude and 
Longitude 
Soil Mapping 
Unit † 
Depth to 
Groundwater 
(m) ‡ 
Mean 
Annual 
Precipitation 
(mm) § 
Harlan 
County 
EF, Dryland 
40°06’32.28”N 
99°35’29.29”W 
Holdrege silt 
loam, 1 to 3 
percent slopes, 
plains and 
breaks 
37.8 
624 
RL, Dryland 
40°06’39.77”N 
99°35’28.97”W 
Uly and Coly 
silt loams, 11 
to 30 percent 
slopes 
30.5 
Fillmore 
County 
NT, CP 
Irrigated 
40°34’42.67”N 
97°37’27.17”W 
Crete silt loam, 
1 to 3 percent 
slopes 
33.5 743 
Phelps 
County 
NT, CP 
Irrigated 
40°21’40.99”N 
99°19’37.02”W 
Holdrege silt 
loam, 0 to 1 
percent slopes 
49.4 
631 
T, CP 
Irrigated 
40°22’33.84”N 
99°19’03.85”W 
52.4 
      
Clay 
County 
DSP-CC, 
Furrow 
Irrigated 
40°31’06.58”N 
98°05’0046”W 
Hastings silt 
loam and Crete 
silt loam 
30.2 731 
RT-CC, 
Furrow 
Irrigated 
SP-CC, 
Furrow 
Irrigated 
DSP-CS, 
Furrow 
Irrigated 
DSP, Furrow 
Irrigated 
RT, Furrow 
Irrigated 
SP, Furrow 
Irrigated 
† Soil Mapping Unit (USDA, 2015). 
‡ Depth to groundwater (DNR, 2015). 
§ 30-year normal (1981-2010 period). Precipitation gauges were located near Ragan, Geneva, 
Orleans, and Clay Center for Phelps, Fillmore, Harlan and Clay Counties, respectively 
(NOAA, 2015). 
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Figure 2-1. Location of the field sites. The High Plains Aquifer is shown on top. The 
figure in the bottom shows groundwater level changes in Nebraska from 
predevelopment of irrigation to spring of 2014 (Young et al., 2014). 
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In EF dryland system, a summer annual row crop, corn in the eastern portion of 
the region and sorghum in the western portion, is grown and harvested in the fall (Figure 
2-2). The first fallow period then is used for accumulating soil moisture from the time the 
row crop is harvested, through the next spring and summer, until winter wheat is sown in 
the fall of year two. The winter wheat growing season then continues until the summer of 
year three, when, following wheat harvest, the second fallow period begins. This fallow 
period then accumulates soil moisture until a row crop is planted in the spring of the 
following year and the rotation begins again (Farahani et al., 1998).  
 
 
 
 
 
 
 
 
 
 
Figure 2-2. Eco-fallow dryland cropping system 
sequence (Smith, 1999). 
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2.3.1.3. Native Rangeland 
Grasslands once dominated Nebraska, but agricultural conversion has 
dramatically reduced the abundance of these communities and resulted in a fragmented 
distribution (Bishop et al., 2011). The RL used in this study represents the typical Loess 
mixed-grass prairie occupying most of the south of the Sand Hills to the Kansas border 
(Kaul and Rolfsmeier, 1993). Vegetation is rather dense, and the ground is not usually 
visible among the plants. Prominent grasses include big and little bluestems in moister 
and drier sites, respectively, blue and sideoats grammas, buffalo grass, green and 
porcupine needlegrasses, Junegrass, needle-and-thread, plains muhly, purple three-awn, 
rough dropseed, and western wheatgrass. The forbs are fewer in species than in tallgrass 
prairie but more than in shortgrass and include several locoweeds and milkvetches, 
prairie coneflower, prickly-pear cactus, and yucca on well-drained soils (Kaul and 
Rolfsmeier, 1993). The majority of this prairie has almost entirely been converted to 
cropland in the level areas and rangeland in more dissected terrain, except for small 
isolated fragments mainly on steeper slopes.  
2.3.2. Sampling the Intermediate Vadose Zone 
The unsaturated zone or vadose zone is defined as the zone between land surface 
and the saturated zone (water-table) within which the moisture content is less than 
saturation and pore water pressure is less than atmospheric, including the crop root zone. 
The intermediate vadose zone (IVZ) is the layer that underlies the crop root and extends 
down to the saturated zone.  
In 2009 and 2013, soil cores from the upper portion of the IVZ were obtained in 
Phelps County NT and T and Fillmore County NT, while the tilled site in Fillmore 
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County was only sampled in 2009 and the sites in Harlan County were only sampled in 
2013. Samples were obtained using a Geoprobe direct-push hydraulic sampler which 
extracted cores in 1.5 m long 38 mm diameter plastic liners. Continuous sediments were 
collected in 1.5 m plastic liners, which were labeled, capped and immediately placed in a 
Styrofoam cooler and kept cool with ice until placed in freezer at the laboratory. Soil 
cores sampled in Harlan County EF/RL, Phelps County NT/T and Fillmore County sites 
were collected down to a common depth of 7.6 m (25 ft.); however, at the western sites, 
Harlan County EF/RL and Phelps County NT/T sites one borehole was extended down to 
deeper depths reaching 12.8 m, 19.5 m, 15.9 m and 12.2 m, respectively (Table 2-2).  
Katupitiya (1995) and Bobier (1992) extracted IVZ samples in Clay County (27 
and 12 sites, respectively) using a Central Mine Equipment hollow stem auger drilling rig 
Model 75. Continuous cores up to a depth of 17.8 m were obtained in a split tube core 
barrel, with undisturbed samples located within the hollow stem auger. Two 760 mm 
long acrylic liners with soil core sections were retrieved, capped and immediately frozen 
until laboratory analysis. Soil cores sampled in Clay County were collected uniformly to 
a depth of 17.8 m. 
Soil cores from all the sites were analyzed in the laboratory for nitrate-nitrogen 
concentration in pore water and percent sand, silt and clay (PSSC) every 30 cm. For cores 
sampled in 2009 and 2013, PSSC was determined in the lab by the hydrometer method 
(Bouyoucos, 1962), and organic matter (OM) by the weight loss-on-ignition method 
(Schulte and Hopkins, 1996). Katupitiya (1995) and Bobier (1992) determined PSSC 
using 5000ET Particle Size Analyzer.  
20 
 
Table 2-2. Sampling year, maximum depth and number of boreholes at each 
location. 
Site Sampling year 
Maximum 
Depth (m) 
No. of boreholes 
Harlan County 
EF 
2013 
12.8† 2 
RL 19.5† 3 
Fillmore County 
NT 2009 & 2013 7.6 3 
T 2009 7.6 3 
Phelps County 
NT 
2009 & 2013 
15.8† 3 
T 12.2† 3 
Clay County DSP-CC 
U‡ 
1990 to 1992 
17.8 3 
M 17.8 3 
D 17.8 3 
Clay County RT-CC 
U 17.8 3 
D 17.8 3 
Clay County SP-CC 
U 17.8 3 
D 17.8 3 
Clay County DSP-CC 
U 17.8 3 
D 17.8 3 
Clay County DSP 
U 
1985 & 1990 
17.8 2 
D 17.8 2 
Clay County RT 
U 17.8 2 
D 17.8 2 
Clay County SP 
U 17.8 2 
D 17.8 2 
† Only one borehole reached maximum depth. 
‡ U stands for upstream end of the furrow, M for middle of the furrow and D stands for 
downstream end of the furrow. 
Gravimetric water content (θg, Mg Mg
-1
) for all cores was measured by oven 
drying soil samples at 105 °C to constant weight. Several methods were used to estimate 
bulk density. First, bulk density was measured from the liners by dividing the dry mass 
from a known volume (38 mm diameter and 51 mm length) of dry soil. However, 
compression from the probing caused not only high extreme values (2.6 Mg m
-3
) but also 
highly variable values (1.2-2.6 Mg m
-3
). Second, bulk density was obtained from the Web 
Soil Survey (USDA, 2015) was used to obtain bulk density values for the 1.8-2.0 m soil 
layer (end of the crop rooting zone, beginning of the IVZ) which resulted in a range from 
1.2 to 1.43 Mg  m
-3
 averaging 1.27 Mg m
-3
 in Phelps County and Harlan County, while 
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values in Fillmore County ranged from 1.2 to 1.4 Mg m
-3 
averaging 1.33 Mg m
-3
. Third, 
bulk density was estimated using SWC software (Saxton and Rawls, 2009) estimated 
~1.52 Mg m
-3 
for bulk density in Phelps/Harlan Counties (fairly similar IVZ) and ~1.44 
Mg m
-3 
in Fillmore County. These estimated values, however, fail to consider the 
looseness associated with loess IVZ. Further, Gibbs and Holland (1961) summarized the 
physical and chemical properties of loess gained from Bureau of Reclamation 
experiments, investigations, and observations at the Nebraska-Kansas area. In their study, 
a table of measured bulk density at various depths is presented and an averaged value of 
1.31 Mg m
-3
 was calculated. Since the location of the sampling sites used in their study 
were mostly in south central Nebraska, this bulk density was selected for the sites in 
Phelps/Harlan Counties. As a result of these findings, the density adjustment factor 
(compaction) scroll bar found in SWC Software was applied. Equations associated with 
the density adjustment factor are provided in detail in Saxton and Rawls (2006); based on 
a 1.31 Mg m
-3
 (Gibbs and Holland, 1961), the compaction factor was back calculated. 
The 0.86, 0.87, 0.85 and 0.86 values for density adjustment factor were found for Phelps 
County NT/T and Harlan County EF/RL, respectively, in order to achieve a bulk density 
of 1.31 Mg m
-3
. The mean density adjustment factor for the western sites (Phelps/Harlan 
Counties), 0.85, was used to adjust the bulk density in Fillmore/Clay Counties resulting 
in a bulk density of 1.22 Mg m
-3
. In summary, the bulk density used in the IVZ was 1.31 
Mg m
-3
 in Phelps and Harlan Counties and 1.22 Mg m
-3 
in Fillmore and Clay Counties. 
Volumetric water content (θ, m3 m-3) in the IVZ was calculated by multiplying 
the gravimetric water content Mg Mg
-1
 by the bulk density Mg m
-3
 and dividing by the 
density of water (1 Mg m
-3
). 
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The nitrate-nitrogen concentration was determined as follows. For cores sampled 
in 2013 deionized water was added to 25 g of wet soil in a 1:1 weight ratio. Samples were 
shaken for at least 4 h and then centrifuged for 30 minutes at 5000 rev min
-1
. Nitrate-
nitrogen concentration was then obtained from the supernatant liquid by ion 
chromatography and converted to soil pore water based on mass water content. For cores 
sampled by Katupitiya (1995) and Bobier (1992), 10 g of soil sample in a 250 mL 
Erlenmeyer flask was shaken for 1 h and filtered through number 42 Whatman filter 
paper. The filtrate was then analyzed for nitrate-nitrogen and ammonium-nitrogen using 
Automated Cadmium Reduction method (U.S. EPA, 1983) on a flow injection analyzer. 
2.3.3. Potential Groundwater Recharge 
Groundwater recharge is defined in a general sense as the downward flow of 
water reaching the water table (de Vries and Simmers, 2002). Percolation is considered 
recharge only after it reaches the water table. Further, a distinction must be made between 
percolation that is from precipitation and deep percolation caused by irrigation, 
sometimes referred to as return flow if the source of water is local groundwater. In this 
paper we refer to potential groundwater recharge (recharge, hereafter) as all water flux in 
the IVZ that can potentially become actual recharge which includes natural flux from 
precipitation and enhanced flux due to irrigation. It is only considered potential 
groundwater recharge because percolation can be impeded by low-conductivity horizons 
and flow horizontally as interflow to nearby local depressions or hillslopes, where it may 
run off or evaporate instead of joining the regional groundwater system.  
Recharge as defined in this study must be distinguished from net recharge which 
not only considers what reaches the water table but also what was removed for irrigation. 
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In this study, recharge is equal to net recharge at the dryland sites, as water is not 
extracted for irrigation (the sites are rainfed). At the center-pivot (CP) irrigated fields, 
water flowing through the IVZ comes not only from precipitation but also from irrigation 
with groundwater. 
Two methods were used to estimate annual potential groundwater recharge in this 
work: the nitrate peak displacement method and using Darcy’s Law with unit-gradient 
assumption. 
2.3.3.1. Nitrate Peak Displacement Method 
Annual potential groundwater recharge (mm) was determined by the nitrate peak 
displacement method (NPDM) (Healy, 2010). In this method, nitrate-nitrogen in the soil 
water solution is a secondary tracer, one that results from application of commercial 
fertilizer to cropland. Annual applications of nitrogen (or annual nitrate mineralization, 
for soybean years in corn/soybean rotation fields and native rangeland) provided an 
annual peak in the tracer as water left the root zone and entered the IVZ (Heilweil et al., 
2006). The vertical distribution of tracers is used to estimate the mean pore water velocity 
(v, mm yr
-1
) and recharge (R, mm) according to the following equation: 
vR                                                                                                                 [1] 
where θ is volumetric water content (m3 m-3). Mean pore water velocity was calculated 
by dividing the distance (mm) between two consecutive nitrate-nitrogen peaks by the 
time it took for the nitrate-nitrogen to travel this vertical distance (assumed to be 1 year). 
Thus, 
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t
z
R


                                                                                                                [2] 
where Δz is vertical distance between tracer peaks (mm) and Δt is one year. The Δz is 
calculated by subtracting the depth of the shallower peak (z1) from the depth of the 
deeper peak (z2), resulting in:  

year
zz
R
1
12                                                                                                         [3] 
Assumptions made with the NPDM are that the distance between peaks of nitrate-
nitrogen represents total vertical migration for a year and that it is one-dimensional 
vertical flow. It was also assumed that residual water content (θr) is zero in order to be 
consistent with the assumption made by Saxton and Rawls (2006) for the estimation of 
unsaturated hydraulic conductivity as will be seen in the next section. Recharge was then 
obtained by using the averaged volumetric water content between peaks and the pore 
water velocity (Eisenhauer et al.,  2010; Deck, 2010). 
The NPDM was applied by first plotting the nitrate-nitrogen concentration versus 
depth below the soil surface. The number of nitrate-nitrogen peaks was counted in the 
interval in the IVZ from the first identifiable peak to the maximum depth of sampling. 
The pore water velocity was determined by dividing the depth interval sampled by the 
number of peaks counted. It was assumed that each peak was a result of an annual pulse 
of nitrate-nitrogen, as was assumed by Katupitiya et al. (1997) and Bobier et al. (1993).  
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2.3.3.2. Darcy’s Law (with unit gradient assumption) 
Several studies have used a variant of Darcy’s Law (Eq. 4) with a Unit Gradient 
assumption (DLUG) to estimate flow through the IVZ.  With steady flow, Darcy’s 
velocity (vd) is calculated as follows: 
 
dz
dH
Kvd                                                                                                         [4] 
where K(θ) is unsaturated hydraulic conductivity (mm h-1), H is total hydraulic head (m) 
and z is the vertical dimension positive in the upward direction (m). Since Darcy’s 
velocity is the discharge per unit cross-sectional area, annual potential groundwater 
recharge is equal to the negative of Darcy’s velocity, as follows: 
dvR                                                                                                                   [5] 
Total hydraulic head (H) is equal to pressure head (h, m) plus gravitational head 
(z, m): 
 zhH                                                                                                                [6] 
Replacing Eq. 5 and Eq. 6 in Eq. 4, results in the following: 
  




 

dz
zhd
KR
)(
                                                                                                 [7] 
In uniform or thickly layered porous media, matric pressure gradients often 
approach zero (dh/dz = 0) immediately beneath the interface between soil layers when 
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flow direction is downward and flow is steady or quasi-steady. Under these conditions 
Eq. 7 becomes 
  10  KR                                                                                                        [8] 
and water movement is driven only by gravity and the gradient in total hydraulic head is 
equal to 1 (unit-gradient assumption) (Gardner, 1964). Thus recharge is equal to the 
unsaturated hydraulic conductivity of the soil, as follows:  
 KR                                                                                                                  [9] 
Scanlon et al. (2002) provide numerous examples for arid, semi-arid and humid 
conditions where DLUG has been applied. The uncertainty associated with the DLUG 
method depends on the accuracy of the hydraulic conductivity and head-gradient 
measurements if the latter is not unity (Scanlon et al., 2002). Accurate determination of 
K(θ) as a function of water content or pressure head is very difficult. Direct measurement 
techniques of hydraulic conductivity are costly and time consuming, and values exhibit 
large spatial variability (Jury and Horton, 2004; Christiaens and Feyen, 2002; Schaap et 
al., 1998). According to Sophocleous (1991) the error in K(θ) in the wet range can be as 
high as 20-30% of the K(θ) value while the error in K(θ) in the dry range can exceed 
100%. K(θ) was estimated from pedo-transfer functions (PTF) (Saxton and Rawls 2006), 
considering percent sand and clay and bulk density. In the estimation of K(θ), Saxton and 
Rawls (2006) assumed residual water content to be zero.  
Deng et al. (2009) investigated the uncertainty of the PTF-based parameter 
estimates and its effect on moisture flow simulation and found that for the PTF parameter 
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estimation uncertainty, the uncertainty in PTF inputs is more significant than the PTF 
intrinsic uncertainty. Thus, they concluded that a detailed characterization of a site for 
texture and layering and a judicious positioning of sample measurement locations are 
necessary for good site characterization. In this study, thick layers (~2 m) in the IVZ 
where % sand, % clay and volumetric water content are constant with depth were 
selected to meet the unit-gradient assumption. One layer that met the unit gradient 
assumption per borehole was used to estimate K(θ). Then, geometric mean of K(θ) was 
calculated from all the boreholes at each location. 
2.3.4. Statistical Analysis 
SAS 9.4 software (SAS Institute, 2013) was used to determine zones in the IVZ 
where θ, % clay and % sand were constant with depth in order to detect zones where unit-
gradient assumptions are met. If the slope of the linear regression between depth and 
these parameters is equal to zero (p-value>α=0.05) the parameter is constant with depth 
(Table 2-3 and Table 2-4) (Haan, 1977). 
Since it is common that flow and transport properties with large CV such as 
hydraulic conductivity are log-normally distributed (Jury and Horton, 2004), potential 
groundwater recharge was also assumed to be log-normally distributed and thus all 
statistical analysis was conducted on log-transformed values of recharge. 
SAS 9.4 software was also used to perform a normality test for recharge (log-
normally distributed) as estimated by NPDM and for unsaturated hydraulic conductivity 
(log-normally distributed) as estimated by DLUG. Once homogeneity of variances 
(covariance test), residual plots and Shapiro-Wilk Test for normality indicated normality,  
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Table 2-3. Depth range for unit gradient assumption, mean volumetric water 
content, mean % sand, mean % clay and unsaturated hydraulic conductivity (at 
mean volumetric water content) obtained through pedo-transfer functions, for cores 
sampled in 2013. Large p values indicate that a parameter is constant with depth 
(non-significant slope). 
 
θ (m3 m-3) % Sand % Clay 
K 
(mm hr
-1
) Site 
L
U
 
R
ep
 
Depth 
Range 
(m) 
M
ea
n
 
p
-v
al
u
e 
M
ea
n
 
p
-v
al
u
e 
M
ea
n
 
p
-v
al
u
e 
Harlan 
County 
E
F 
1 3.05-4.88 0.22 0.16 18.0 0.99 12.9 0.63 0.01203 
2 2.44-3.66 0.22 0.60 17.0 0.22 16.9 0.04* 0.00469 
R
L 
1 5.79-7.62 0.10 0.58 41.7 0.07† 15.4 0.21 
6.31x10
-7
 
2 2.13-3.96 0.14 0.53 17.4 0.33 20.6 0.08† 
7.34x10
-6
 
Fillmore 
County 
N
T 
1 2.13-3.96 0.30 0.40 12.2 0.93 27.7 0.14 0.00750 
2 2.13-3.96 0.37 0.27 12.0 0.92 27.0 0.62 0.13368 
3 2.13-3.96 0.36 0.36 12.4 0.73 28.4 0.20 0.07178 
Phelps 
County 
N
T 
1 2.13-3.96 0.25 0.05† 15.6 0.60 18.4 0.60 0.01157 
2 2.44-3.96 0.25 0.89 16.8 0.57 16.3 0.08† 0.01896 
3 2.44-3.96 0.24 0.12 17.0 0.69 9.7 0.17 0.06244 
T 
1 2.44-3.96 0.24 0.21 14.3 0.41 19.7 0.46 0.00455 
2 2.13-3.96 0.24 0.45 15.6 0.66 15.6 0.62 0.01384 
 
3 2.74-3.96 0.27 0.15 17.0 0.72 13.0 0.42 0.08872 
† shows significance at the t α = 0.1 while * α = 0.05 
 
 
  
29 
 
Table 2-4. Depth range for unit gradient assumption, mean volumetric water 
content, mean % sand, mean % clay and unsaturated hydraulic conductivity (at 
mean volumetric water content) obtained through pedo-transfer functions, for cores 
sampled in 2009. Large p values indicate that a parameter is constant with depth 
(non-significant slope). 
 
θ (m3 m-3) % Sand % Clay 
K 
(mm hr
-1
) Site 
 R
ep
 
Depth 
Range 
(m) 
M
ea
n
 
p
-v
al
u
e 
M
ea
n
 
p
-v
al
u
e 
M
ea
n
 
p
-v
al
u
e 
Fillmore 
County 
N 
T 
1 2.13-3.96 0.30 0.85 12.2 0.93 27.7 0.14 0.00527 
2 2.13-3.35 0.34 0.13 11.6 0.37 27.4 0.06† 0.03117 
3 2.13-3.96 0.32 0.33 12.4 0.73 28.4 0.20 0.01448 
T 
1 2.13-3.96 0.38 0.64 12.7 0.16 20.4 0.09† 0.44996 
2 2.13-3.96 0.35 0.34 12.9 0.13 25.3 0.20 0.06757 
3 2.13-3.96 0.35 0.10 14.0 0.31 25.0 1.00 0.07563 
Phelps 
County 
N 
T 
1 2.13-3.96 0.27 0.90 15.6 0.60 18.4 0.60 0.02496 
2 2.44-3.96 0.27 0.15 16.8 0.93 16.3 0.10 0.03361 
3 2.13-3.96 0.26 0.20 17.0 1.00 9.7 0.20 0.11991 
T 
1 2.13-3.65 0.31 0.75 14.3 0.18 20.3 0.73 0.06277 
2 2.13-3.96 0.26 0.41 15.6 0.66 15.6 0.62 0.03233 
3 2.74-3.96 0.27 0.53 17.0 0.72 13.0 0.42 0.07892 
† shows significance at the t α = 0.1 
 
ANOVA was used to determine significant differences between the means. ANOVA was 
also used to detect significant differences in cumulative water content, for cores sampled 
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in 2013, 2009 and the variation between years. Water content being constant in time 
would indicate that steady state or quasi-steady state conditions are present. 
2.4. Results 
2.4.1. Vadose Zone Profiles 
PSSC and OM in soil samples provide useful information about hydraulic 
properties differences across the sites. PSSC measured in soil samples in Harlan County 
and Phelps County (south central Nebraska) indicates dominance of silt. The IVZ in 
Harlan County EF (Figure 2-3) has ~18 % of sand down to a depth of 6 m where it starts 
to increase while % clay is rather variable ranging from ~17 %  in the 2-3 m and 6-8 m 
layers to ~15 % between 3 and 6 m. The IVZ at the RL is similar to the latter in the 2-4 m 
layer, however, it shows a reduction in % silt below 4 m due to an increase in % sand; % 
clay below 4 m is ~20 % (Figure 2-4). The IVZ in Phelps County (NT and T) has ~18 % 
sand and ~16-17 % in the 2-8 m layer (Figure 2-6 and Figure 2-7, respectively) while 
below 8m some variation was detected (Figure 2-8). The IVZ in Fillmore County shows 
the highest % clay which is logical because of the long distance from source of loess 
(Mason et al., 2003; Mason, 2001).  
Four middle-to-late Quaternary loess units have been identified and correlated on 
the Great Plains, from oldest to youngest, namely Loveland Loess, the Gilman Canyon 
Formation, Peoria Loess and the Bignell Loess (Schultz and Stout, 1945; Muhs et al., 
2008; Bettis et al., 2003; Mason, 2001). Percentages of OM in the IVZ reveal the 
presence of paleosols, former soils preserved by burial underneath sediments, between 
loess formations. Sites located in Harlan and Phelps Counties show the presence of a 
paleosol buried at around 6.5 to 7.5 meters, beneath the Peoria Loess. In the site in 
31 
 
Fillmore County, this layer appears shallower (Figure 2-5) as a result of being located in 
south eastern Nebraska where Peoria Loess is thinner (Mason et al., 2003; Mason, 2001). 
The soils are underlain by a thick layer (≈5 m) of Peoria Loess, a 1.2 m thickness of 
organic-rich Gilman Canyon Formation and Sangamon Soil dated ≈20000 yr B.P. (before 
present) (Spalding and Kitchen, 1988). Beneath the Gilman Canyon Formation, Bobier et 
al. (1993) found ≈3 m of Loveland Formation loess, 6 m of silts grading into sandy silts 
in the Beaver Creek Formation, and 2.7 m of silt grading into sand in the Grafton 
Formation. Sands occur below 18 m. Bobier’s findings are consistent with the 19.6 m 
borehole drilled in Harlan County RL (Figure 2-4 and Figure 2-8). 
Mason (2001) studied the transport direction of Peoria Loess in Nebraska finding 
that across central and western Nebraska, loess thickness decreases from northwest to 
southeast, indicating transport from the area northwest of the loess-mantled region. The 
loess transporting wind direction phenomena resulted in clay content of the loess tending 
to increase in eastern Nebraska while sand content decreases; this is confirmed in Figure 
2-5. The NT CP irrigated field in Fillmore County shows lower sand content and higher 
clay content compared to the one in Phelps County (Figure 2-6). Figure 2-6 and Figure 
2-7 illustrate very similar patterns which is logical since fields are less than 200 meters 
apart. Both of them show a textural change at around 8 meters with increases in sand and 
clay and a decrease in silt. The latter two sites, together with the RL (Harlan County) are 
shown in Figure 2-8 to exhibit maximum depths of sampling and thus deeper vadose zone 
profiles (Table 2-2). 
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Figure 2-3. Percent sand, percent clay and organic matter versus depth 
below the soil surface at Harlan County EF. Error bars represent plus 
and minus one standard deviation from the mean. 
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Figure 2-4. Percent sand, percent clay and organic matter versus depth 
below the soil surface at Harlan County EF. Error bars represent plus 
and minus one standard deviation from the mean. 
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Figure 2-5. Percent sand, percent clay and organic matter versus depth 
below the soil surface at Fillmore County NT. Error bars represent plus 
and minus one standard deviation from the mean. 
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Figure 2-6. Percent sand, percent clay and organic matter versus depth 
below the soil surface at Phelps County NT. Error bars represent plus 
and minus one standard deviation from the mean. 
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Figure 2-7. Percent sand, percent clay and organic matter versus depth 
below the soil surface at Phelps County T. Error bars represent plus and 
minus one standard deviation from the mean. 
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Figure 2-8. Percent sand, percent clay and organic matter versus 
depth below the soil surface at Harlan County RL and Phelps County 
NT and T. Error bars represent plus and minus one standard 
deviation from the mean. PL stands for Peoria Loess, GFC for 
Gilman Canyon Formation, SS for Sangamon Soil, LFL for Loveland 
Formation Loess, BFC for Beaver Creek Formation and GF for 
Grafton Formation. 
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2.4.2. Nitrate-Nitrogen Distribution 
The nitrate-nitrogen (NO3-N) profiles for all sites are shown in Figure 2-9. NO3-N 
in the soil profile under RL (Figure 2-11) is significantly less than that under EF (Figure 
2-10) and irrigated fields at all depths (Figure 2-12 to Figure 2-14). This is probably due 
to the lack of fertilization with commercial fertilizer. NO3-N concentration in Harlan 
County EF is characterized by an increase at depths greater than 5 meters (Figure 2-10). 
The NT CP irrigated field in Fillmore County (Figure 2-12) behaves different than the 
sites in Phelps County (Figure 2-13 and Figure 2-14), where NO3-N concentrations were 
greater. This could be due to the greater CEC (cation exchange capacity) of the soil given 
the greater percent of clay and its buffering properties. NO3-N distribution versus depth 
for the sites in Clay County is well discussed in  Katupitiya et al. (1997) and Bobier et al. 
(1993).  
In this study, nitrate-nitrogen peaks were used to determine mean pore water 
velocity and to calculate potential groundwater recharge using the NPDM. 
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Figure 2-9. NO3-N distribution versus depth below the soil surface. Error bars 
represent plus and minus one standard deviation from the mean. 
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Figure 2-10. NO3-N distribution versus depth below the soil surface at Harlan 
County EF. SU1 stands for Stamford Upper 1 and SL1 for Stamford Lower 1 
identification of boreholes. 
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Figure 2-11. NO3-N distribution versus depth below the soil surface at Harlan 
County RL. SRE stands for Stamford Rangeland East, SRM for Stamford 
Rangeland Middle and SRW for Stamford Rangeland West identification of 
boreholes. 
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Figure 2-12. NO3-N distribution versus depth below the soil surface at Fillmore 
County NT. H3 stands for Hughes 3, H5 for Hughes 5 and H7 for Hughes 7 
identification of boreholes. 
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Figure 2-13. NO3-N distribution versus depth below the soil surface at Phelps 
County NT. F7-1 stands for Frisell 7-1, F7-2 for Frisell 7-2 and F7-3 for Frisell 7-3 
identification of boreholes. 
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Figure 2-14. NO3-N distribution versus depth below the soil surface at Phelps 
County T. W7-1 stands for Wells 7-1, W7-2 for Wells 7-2 and W7-3 for Wells 7-3 
identification of boreholes. 
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2.4.3. Volumetric Water Content 
Figure 2-15 shows that LU and WM have an impact on volumetric water content 
(θ) in the IVZ. Higher θ in the IVZ is an indication of greater flux or percolation when 
the sediment properties are essentially the same. θ in Phelps County NT/T was higher 
than Harlan County EF which was higher than Harlan County RL. Figure 2-15 also 
shows that at shallower depths, this difference is not as pronounced; however, as depth 
increases differences become substantial and consistent.  
The data points below 7.6 m do not show standard deviation as only one replicate 
at each location was sampled at this depth (Table 2-2). The standard deviations at both 
sites in Harlan County are only computed from two boreholes as was the case for the RL 
since the data from one borehole was found to be an outlier and was significantly wetter 
than the other two (p-value: <0.001). This could be the case of sampling beneath an 
undetected soil depression that could be causing focused recharge (Healy, 2010). 
It was observed that there are no detectable differences in θ with depth at the CP 
irrigated fields in Phelps County (Figure 2-16) where the properties of the IVZ are 
essentially the same. Runoff is expected to be lower and infiltration higher under NT than 
under T conditions (Volkmer, 2014; Passioura, 2007; Jain, 2004; Boldt et al., 1999; 
Gilley and Kottwitz, 1994). With more infiltration there is greater potential for deep 
percolation below the root zone to occur and thus one might expect wetter soils in the 
IVZ with NT. However, this was not detected in this study. This study focused on water 
movement below the root and climate affected zone (~2 m). In the upper two meters, 
differences (although not significant) can be detected with the NT site being wetter at 
shallow depths (Figure 2-16). Differences in θ versus depth at the NT CP irrigated fields 
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(Figure 2-17) were found probably due to higher average annual precipitation (Table 2-1) 
and higher clay content (Figure 2-5) in Fillmore County, leading to possible higher rates 
of recharge.  
To better differentiate the degree of wetness in the IVZ (an indicator of 
percolation rates), the depth of water accumulated in the 2.13 to 7.62 m interval was 
computed. The cumulative θ versus depth is shown in Figure 2-18 for the various 
treatments sampled in 2009 (open symbols) and 2013 (closed symbols). Three sites were 
probed in both 2009 and 2013, Fillmore County NT, Phelps County NT and Phelps 
County T (Table 2-2). The purpose of sampling at a four years interval was to determine 
if water content in the IVZ changes with time. The hypothesis is that if it is not changing 
with time, flow in the IVZ can be treated as quasi-steady.  
In 2013, the NT CP irrigated field in Fillmore County contained the highest depth 
of water while the RL the lowest. Significant differences were found between NT CP 
irrigated fields in Fillmore County and Phelps County (p-value: 0.0396) in the IVZ, with 
cumulative θ in the IVZ being 15% higher in Fillmore County. No significant differences 
in cumulative θ were found between T and NT sites in Phelps County (p-value: 0.6930) 
in the IVZ. The NT and T CP irrigated fields in Phelps County are significantly wetter 
than the EF (p-value: 0.0012 and 0.0009, respectively) and RL (p-value :< .0001) in 
Harlan County (Table 2-6). Moreover, the EF accumulated more water than the RL (p-
value 0.0002) probably due to less ET than the RL (Kurtzman and Scanlon, 2011; 
Scanlon et al., 2007; Scanlon et al., 2005; Ruprecht and Schofield, 1989). Cumulative θ 
in the IVZ in Fillmore County NT (1.77 m) was found to be constant with time (p-value: 
0.8360) (Table 2-6). Likewise, cumulative θ in 2009 in Phelps County NT (1.60 m) and T  
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Figure 2-15. Volumetric water content versus depth below soil surface at Harlan 
and Phelps Counties. Error bars represent plus and minus one standard deviation 
from the mean. 
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Figure 2-16. Volumetric water content versus depth below soil surface at Phelps 
County NT and T. Error bars represent plus and minus one standard deviation 
from the mean. 
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Figure 2-17. Volumetric water content versus depth below soil surface at Fillmore 
County NT and Phelps County NT. Error bars represent plus and minus one 
standard deviation from the mean. 
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Figure 2-18. Cumulative water content versus depth below soil surface at 
the IVZ at all sites. Error bars represent plus and minus one standard 
deviation from the mean. 
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(1.66 m) and in 2013 (1.52 m and 1.54 m, respectively) were found to be constant with 
time for both fields (p-value: 0.0509 and 0.1313, respectively), indicating quasi-steady 
state flow conditions (Figure 2-18) (Table 2-6). 
2.4.1. Potential Groundwater Recharge 
Results indicate that different LU and WM have a significant impact on potential 
groundwater recharge (Figure 2-19 and Figure 2-20). Results for mean annual potential 
groundwater recharge are summarized in Table 2-5 and statistical differences among LU 
and WM in Table 2-6. 
As estimated by the NPDM and DLUG in 2013, recharge is not affected by tillage 
practices (p-value: 0.3366, p-value: 0.7799, respectively) at CP irrigated fields (Table 
2-6). It is well recognized that under long term NT both ET and overland runoff 
(Volkmer, 2014) are significantly lower and infiltration is higher than under T conditions. 
Therefore, if deep percolation is similar, less irrigation water is needed with NT 
conditions.  
Recharge was found to be significantly higher at the NT CP irrigated field in 
Fillmore County (350 mm) as compared to the NT site in Phelps County (280 mm) as 
found by the NPDM (p-value: 0.05; at 10 % significance) probably due to higher average 
annual precipitation depth (743 mm and 631 mm, respectively – Table 2-1). However, 
recharge estimated at these sites by DLUG were not significantly different (p-value: 
0.6126) (Table 2-6). 
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Tillage practices did affect recharge at the downstream end of furrow irrigated 
fields (Clay County), as estimated by the NPDM based on the data obtained from 
Katupitiya (1995). While this study did not indicate significant differences at 5% 
significance between SP and RT and between SP and DSP tillage systems based on 
Katupitiya’s data at the upstream end of the furrow (p-value: 0.5977, p-value: 0.0547, 
respectively) nor based on Bobier’s data at the upstream end (p-value: 0.0829, p-value: 
0.0739, respectively) and the downstream end of the furrow (p-value: 0.8456 and p-
value: 0.3304, respectively), significant differences were detected at the downstream end 
of the furrow based on Katupitiya’s data. Recharge estimated based on Katupitiya’s data 
showed that furrow irrigated fields under DSP tillage system had greater recharge than 
those under SP tillage system (p-value: 0.0005). However, no significant differences were 
found between SP and RT tillage systems (p-value: 0.4162) (Table 2-6). 
When recharge is compared at up and downstream ends of furrows, no significant 
differences (at 5% significance) were found for recharge based on Katupitiya’s data in 
CC and CS rotations (p-value: 0.0854 and 0.3610, respectively) nor based on Bobier’s 
data (p-value: 0.7945) under DSP tillage systems; however, under SP, both studies found 
significant differences at 5% significance with recharge under SP tillage system being 
higher at the upstream end of furrows. According to Katupitiya et al. (1997) SP tillage 
systems had higher infiltration rate than the other treatments (DSP and RT) which 
resulted in more infiltration and hence more recharge at the upstream end of the furrow. 
RT tillage system showed significant differences in recharge at the upstream and 
downstream end of the furrow only based on Katupitiya’s data but based on Bobier’s 
data, these differences where not detected (Table 2-6). 
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As found by the NPDM, recharge under SP tillage system was found to be 
significantly greater under furrow irrigated fields at the upstream end as compared to the 
CP irrigated fields (Table 2-5). However, CP irrigated field recharge was found to be 
similar to the recharge measured at the downstream end of furrow irrigated fields (Figure 
2-19) (Table 2-6). 
Using the DLUG method, recharge is affected by WM. Recharge under dryland 
conditions at the EF (65 mm) sites was found to be significantly higher than under RL 
(0.02 mm) (p-value: 0.0006) (Table 2-6). The NPDM did not detect significant 
differences under dryland conditions between EF and RL probably due to the fact that 
only two boreholes were drilled at the EF (Table 2-2) and the standard error was 
particularly high at the EF. Standard error at the RL was also high as only two boreholes 
where considered having found the third sampled borehole to be significantly wetter than 
the other two. These results are shown in Figure 2-20. 
Based on both estimation methods, recharge in Clay County (furrow irrigation) 
was higher than recharge at CP irrigated sites in Fillmore County which were higher than 
in CP irrigated sites in Phelps County (Figure 2-21).  
Mean annual potential groundwater recharge versus annual infiltration is shown in 
Figure 2-21. Included in this figure are data from Lincoln County reported by Klocke et 
al. (1999). Their mean annual percolation (potential groundwater recharge) was measured 
using a monolithic percolation lysimeter. Figure 2-21 illustrates recharge estimated by 
different methods (NPDM, DLUG and lysimeter), under different LU (Cropland, 
Rangeland), WM (no till, tilled and ecofallow) and irrigation systems (CP, solid-set 
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sprinkler and furrow irrigation) versus mean annual infiltration (F), that is infiltrated 
precipitation (P) and irrigation (I)  
IPF                                                                                                              [10] 
Annual precipitation for Fillmore, Clay, Phelps and Harlan Counties are 30-year 
normals (1981-2010). Overland runoff was substracted from precipitation to determine 
the amount of prefcipitation that infiltrated. Overland runoff depth estimates for these 
counties were obtained from runoff maps developed by the U.S. Geological Survey for 
the period of 1951-1980 (Engel and Steele, 1986) and from maps developed for the ARS-
USDA and USEPA (Stewart et al., 1976) which followed the USDA-NRCS Curve 
Number Method for runoff estimation. Mean annual overland runoff depths for Fillmore, 
Clay, Phelps and Harlan sites were found to be 44 mm, 38 mm, 31 mm, and 31 mm, 
respectively. Lincoln County precipitation was measured for the study period (1991-
1998) and runoff depth (25 mm) estimates from the cited literature was also substracted.  
Gross irrigation depth at the CP irrigated field in Fillmore County (207 mm) was 
estimated from averaged data from flowmeters installed by the Upper Big Blue NRD for 
the 1998-2007 period. Gross irrigation depth in Phelps County (169 mm and 269 mm for 
NT and T, respectively) was estimated from flowmeters installed by the Tri-Basin NRD. 
Based on data presented by Schneider (2000) evaporation loss during application with 
springler irrigation (CP and solid-set sprinkler) was estimated to be 5% of gross applied 
water. Runoff from sprinkler irrigation application was assumed to be zero. Infiltrated 
irrigation depth at the furrow irrigated fields in Clay County was presented by Katupitiya 
(1995) and Bobier (1992).   
55 
 
Table 2-5. Mean annual potential groundwater recharge (R) estimated by NPDM 
and DLUG. 
    
R
o
ta
ti
o
n
 NPDM  DLUG 
Location LU WM 
T
il
la
g
e V † 
Geometric 
Mean R ‡ 
 Geometric 
Mean R ‡ 
(mm yr
-1
) (mm)  (mm) 
Harlan 
County 
C 
Dryland 
EF 
 
1.05 
175 
(87-350) 
 66 
(33-128) 
RL - 
 
0.93 
99 
(86-111) 
 0.0188 
(0.0033-0.1068) 
Fillmore 
County 
C CP NT 
 
1.2 
355 
(330-382) 
 364 
(80-1659) 
Phelps 
County 
C CP 
NT 
 
1.12 
286 
(255-321) 
 210 
(88-499) 
T 
 
1.03 
260 
(236-287) 
 155 
(35-697) 
Clay 
County 
C Furrow 
DSP U CC 1.67 
405 
(370-444) 
 
 
 
DSP M CC 1.62 
340 
(322-359) 
 
 
 
DSP D CC 1.91 
469 
(439-501) 
 
 
 
RT U CC 1.82 
456 
(424-491) 
 
 
 
RT D CC 1.38 
348 
(324-373) 
 
 
 
DSP U CS 1.84 
441 
(407-479) 
 
 
 
DSP D CS 1.65 
401 
(349-461) 
 
 
 
SP U CC 1.89 
475 
(405-558) 
 
 
 
SP D CC 1.34 
325 
(281-377) 
 
 
 
DSP U CC 1.68 
378 
(365-392) 
 
 
 
DSP D CC 1.82 
370 
(338-405) 
 
 
 
RT U CC 1.44 
380 
(351-412) 
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RT D CC 1.36 
329 
(325-333) 
 
 
 
SP U CC 1.84 
452 
(438-468) 
 
 
 
SP D CC 1.31 
336 
(318-355) 
 
 
† Mean pore water velocity. 
‡ Numbers in parenthesis represent 84 and 16 percent confidence intervals, respectively. 
LU stands for land use, WM for water management, C for cropland, RL for rangeland 
and CP for center pivot. 
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Table 2-6. Statistical comparison among treatments log-transformed annual 
potential groundwater recharge means and test for normality of log-transformed 
annual potential groundwater recharge. 
Method Comparison p-value Significant? 
Normality Assumption 
Homogeneity 
of Variances 
Shapiro-
Wilk 
p-value p-value 
NPDM 
2013 
PC NT vs. T 0.3366 No 0.3366 0.5228 
FC NT vs. PC NT 0.0529 Yes† 0.5201 0.8071 
HC EF vs. RL 0.1059 No 
0.0357* 0.2780 
HC EF vs. PC NT 0.1223 No 
HC EF vs. PC T 0.1966 No 
HC RL vs. PC NT 0.0082 Yes** 
HC RL vs. PC T 0.0123 Yes* 
Katupitiya’s upstream end of furrow data 
FC NT vs. CC SP 0.0019 Yes** 
0.7181 0.8713 SP vs. DSP(CC) 0.0547 Yes† 
SP vs. RT 0.5977 No 
Bobier’s upstream end of furrow data 
FC NT vs. CC SP 0.0130 Yes* 
0.7181 0.8713  CC SP vs. DSP 0.0739 Yes† 
CC SP vs. RT 0.0829 Yes† 
Katupitiya’s downstream end of furrow data 
FC NT vs. CC SP 0.2953 No 
0.5144 0.2723  CC SP vs. DSP(CC) 0.0005 Yes*** 
CC SP vs. RT 0.4162 No 
Bobier’s downstream end of furrow data 
FC NT vs. CC SP 0.5414 No 
0.5144 0.2723 SP vs. DSP 0.3304 No 
SP vs. RT 0.8456 No 
Katupitiya’s upstream versus downstream end of furrows data 
DSP(CC) 0.0854 Yes† 0.6610 0.7312 
DSP(CS) 0.3610 No 0.4622 0.5564 
RT 0.0099 Yes** 0.9653 0.5974 
SP 0.0397 Yes* 0.9090 0.4937 
Bobier’s upstream versus downstream end of furrows data 
DSP 0.7945 No 0.3859 0.9035 
RT 0.1290 No 0.1269 0.9760 
SP 0.0225 Yes* 0.6190 0.4834 
DLUG 
2013 
PC NT vs. T 0.7799 No 0.4483 0.7134 
FC NT vs. PC NT 0.6126 No 0.6126 0.6588 
HC EF vs. RL 0.0006 Yes*** 
0.7077 0.6030 
HC EF vs. PC NT 0.3513 No 
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HC EF vs. PC T 0.4818 No 
HC RL vs. PC NT 0.0002 Yes*** 
HC RL vs. PC T 0.0002 Yes*** 
2009   
PC NT vs. T 0.7923 No 0.4192 0.5833 
FC NT vs. T 0.0459 Yes* 0.8028 0.4120 
FC NT vs. PC NT 0.1512 No 0.9251 0.5016 
FC T vs. PC T 0.2555 No 0.2645 0.2671 
2009 vs. 2013   
PC NT 0.3926 No   
PC T 0.2849 No   
FC NT 0.3258 No   
CWV‡ 
2013 
 
PC NT vs. T 0.6930 No 
FC NT vs. PC NT 0.0396 Yes* 
HC EF vs. RL 0.0002 Yes*** 
HC EF vs. PC NT 0.0012 Yes** 
HC EF vs. PC T 0.0009 Yes*** 
HC RL vs. PC NT <.0001 Yes*** 
HC RL vs. PC T <.0001 Yes*** 
2009 
PC NT vs. T 0.3263 No 
FC NT vs. T 0.8272 No 
FC NT vs. PC NT 0.2213 No 
FC T vs. PC T 0.1114 No 
2009 vs. 2013 
PC NT 0.0509 Yes† 
PC T 0.1313 No 
FC NT 0.8360 No 
† shows significance at the t α = 0.1 while *, **, and *** show significance at the α = 
0.05, 0.01, and 0.001 levels, respectively 
‡ Cumulative Water Content. Although it is not a method per se, it is used to support 
results of other methods 
PC stands for Phelps County, FC for Fillmore County, HC for Harlan County and CC for 
Clay County while (CC) for corn-corn and (CS) for corn-soybean rotations. 
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Figure 2-19. Ensemble graph of geometric mean of mean annual 
potential groundwater recharge at all the sites as found by the 
NPDM.  Error bars represent 16 and 84 percent confidence 
intervals. 
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Figure 2-20. Ensemble graph of geometric mean of mean annual 
potential groundwater recharge at the dryland and center pivot 
irrigated fields as found by the NPDM and DLUG.  Error bars 
represent 16 and 84 percent confidence intervals. Recharge at 
Harlan County RL was found to be 0.02 mm. 
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Recharge was found to be relatively similar in Lincoln and Phelps Counties. 
Recharge was found to be the lowest in Harlan County (dryland). Recharge increased due 
to an increase in mean annual infiltration.  
When comparing the different methods for estimating recharge (Figure 2-21) it 
was observed that DLUG results in lower estimates than the NPDM and lysimeter. The 
biggest difference was at the RL, where recharge estimated by DLUG found recharge to 
be very low (0.02 mm) while the NPDM found recharge to be about 100 mm. These 
differences are probably a result of the extreme uncertainty associated with the 
unsaturated hydraulic conductivity function. While recharge estimated by NPDM is as 
high as 475 mm and low as 100 mm and DLUG as high as 350 mm and low as 0.02 mm, 
the lysimeter estimates were les variable, ranging from 90 mm to 380 mm (n=3). Figure 
2-21 also illustrates how recharge varies among irrigation methods. Recharge under CP 
irrigated fields was found to be in the same range as the solid set sprinkler irrigated fields 
but lower when estimated by the NPDM under furrow irrigated fields (especially 
upstream end of the furrows). Dryland recharge was found to be lower than under 
irrigated fields as would be expected. 
Results for pore water velocity are consistent with those found in the literature 
(Scanlon et al., 2005) and distance between peaks is similar to those found in the 
literature (Kurtzman and Scanlon, 2011; Scanlon et al., 2005; Klocke et al., 1999; 
Katupitiya et al., 1997; Bobier et al., 1993; Spalding and Kitchen, 1988) (Table 2-5). 
While peaks distances have been reported to be between 0.8 m to 1.2 m for most dryland 
and center-pivot-solid set sprinkler scenarios, furrow irrigated fields in Table 2-5 show 
distances ranging from 1.4 to 1.9 m. With the exception of two cases (DSP), nitrate peaks 
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were found to travel greater distances at the upstream end of the furrow as was expected. 
Overall, distances between peaks are found to be higher in all furrow irrigated fields than 
those under sprinkler irrigation. 
Recharge has been found to be well correlated with mean annual precipitation 
plus irrigation (Szilagyi et al., 2012; Scanlon et al., 2005). An empirical equation (Eq. 11, 
shown in Figure 2-21) was developed that relates mean annual infiltration (Eq. 10) to 
mean annual potential groundwater recharge: 
)1(
/ mETF
meq eETFR
                                                                         [11] 
where Req is mean annual potential groundwater recharge (mm) and ETm conceptually 
can be interpreted as a hypothetical maximum ET given the climate. Non-linear 
regression was performed in SigmaPlot Software (Systat Software,  2008) and the 
regression coefficient a was obtained (-9.45x10-4, mm
-1
). The regression coefficient was 
found to be the negative inverse of ETm 
aETm /1                                                                                                         [12] 
The mathematical form of the Eq. 11 was selected based on logical consideration 
that (1) Req=0 when F=0, (2) the slope of the equation, dReq/dF at F=0 is equal to zero, 
and (3), as F→∞, dReq/dF→1, i.e., all additional infiltration should go to recharge. 
Equation 11 was developed based on the climate and agricultural practices in South 
Central Nebraska, where parent material is loess and mean annual precipitation ranges 
from 624 mm to 724 mm (Table 2-1).  
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Figure 2-21. Ensemble graph of geometric mean of potential groundwater recharge 
versus mean annual infiltration as found by the NPDM, DLUG and monolithic 
percolation lysimeter, under different irrigation systems and dryland. 
 
It is obvious and logical that annual potential groundwater recharge is enhanced 
by irrigation. This occurs for two reasons, the first being the most obious, deep 
percolation can occur from the irrigation water application, in this study that was 
probably most prevalent at the furrow irrigated site. If the source of water is from 
groundwater, the calculated recharge is potentially return flow to the aquifer. Another 
reason that recharge can be enhanced by irrigation is that in general in semi-arid and arid 
climates, soil water content at the spring of year, prior to the irrigation season, is likely to 
be greater in soils that were irrigated during the previous season. Thus there is more 
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likelyhood that more infiltrated precipitation will deep percolate on irrigated soils. Hence, 
recharge from precipitations is enhanced by irrigation. 
It was of interest to this study to consider how the recharge estimated relates to 
the water balance of the plant root zone, especially to evapotranspiration. It was assumed 
that changes in water storage in the plant root zone are minimal over long-term annual 
time periods. Thus, the water balance equation simplifies to: 
RETF                                                                                                          [13] 
where ET is mean annual evapotranspiration (mm). 
Rearranging Eq. 13 and calculating the ET required to satisfy the water balance, 
ETwb is obtained: 
RFETwb                                                                                                      [14] 
Eq. 14 was applied using this study’s estimates of F and R. The data points shown 
in Figure 2-22 (circles) are a result of appling Eq. 14. The ET required to satisfy mass 
balance can also be estimated by replacing R in Eq. 14 with the R estimated by Eq. 11, 
symbolized here by Req. Thus, 
eqwb RFÊT                                                                                                      [15] 
where  ÊTwb is the ET required to satisfy mass balance considering recharge estimated by 
Eq. 11. Replacing Eq. 11 in Eq. 15 
)1(
/ mETF
mwb eETÊT
                                                                             [16] 
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Eq. 16 is obatained and represents the dashed curve in Figure 2-22. Considering the 
curve, the average annual ET of the center pivot and furrow irrigated sites would have to 
be between 560 mm and 680 mm. It turns out that in the mwb ETÊT 
F
lim , meaning that 
given the climate of Nebraska, the maximum ET is 1058 mm. This could be probably the 
case of a surface of water free evaporating as seen in Szilagyi and Jozsa (2013), Figure 
10. The authors in the latter study refer to this parameter as “Period averaged (2000 to 
2009) and Energy Bowen Ratio-corected mean annual ET (mm) estimates in Nebraska”. 
Their maximum estimates of the parameter reach 1050 mm and match this reasearch 
maximum conceptual ET (Eq. 11 constant, ETm). 
Also shown in Figure 2-22, it was illustrated (solid curve)  how recharge as a 
percent of F changes with F 
%100)/(% FRR eq                                                                                            [17] 
Rearranging Eq. 15 to obtain Req  
wbeq ÊTFR                                                                                                      [18] 
replacing Eq. 16 in Eq. 18 
)1(
/ mETF
meq eETFR
                                                                                  [19] 
and now replacing Eq. 19 in Eq. 17 
%100)]1(/1[%
/ mETF
m eFETR
                                                                  [20] 
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Eq. 20 is obtained and represents the solid line in Figure 2-22. It turns out that 
%100%lim
F


R . At 100 mm of F, R is 4-5% of F while ÊTwb is about 95% of F. As F 
increases to 200 mm, the relation changes and R is about 9% of F; at 500 mm, R is 19% 
of F; at 1000 mm, R is 34% of F while ÊTwb is 66%. Figure 2-22 also includes Szilagyi et 
al. (2011) estimates of %R (stars). Good agreement was found between their estimates 
this study’s estimates of %R, particularly for F values measured in this study (RMSE: 6.5 
mm). 
 
Figure 2-22. Ensemble graph of mean annual ETwb, ÊTwb and % R versus mean 
annual infiltration for water balance. 
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2.4.1.1. Consideration of residual water content 
The residual water content of the soil (θr) is the limit of θ as pressure head (h) 
approaches negative infinity. Hydraulic conductivity is considered to go to zero at θr. 
Groundwater recharge studies that include involving volumetric water content in 
the calculation of flux often do not this immobile residual water content or have often 
assumed it to be zero. This research assumed it to be zero; however, it was of interest to 
determine the sensitivity of the results to θr. To test the sensitivity of the results to θr, it 
was assumed θr = 0.015 m
3
 m
-3
 based on the data presented by Rawls et al. (1982) for silt 
loam textures, the predominant texture in this study. Given θr the flux for the NPDM 
method was calculated using  
  vR r                                                                                                      [21] 
The following figures show the modified version of Figure 2-21 and Figure 2-22. 
Figure 2-23 and Figure 2-24 show that the residual water content of the soil did not create 
great differences on the estimates and thus the curves; however, it did increase the 
maximum ETm to 1134 mm. This is logical as considering θr  leads to a reduced 
estimation of recharge (reduced mobile water content) and thus increased ET required to 
satisfy the water balance. Figure 2-25 shows this reduction in the estimation of recharge 
when using Eq. 11, that is, the constant on Eq. 11 increased (ETm) and thus the curve 
shifted down. When considering θr, RMSE between Szilagyi and Jozsa (2013) estimates 
of %R and this study’s increased to 7.1 %. 
68 
 
 
 
2.5. Summary and Conclusions 
This research dealt with the impacts of land use and water management on mean 
annual potential groundwater recharge from precipitation and irrigation return flow from 
agricultural land in South Central Nebraska. The mean annual precipitation varies from 
624 mm to 743 mm in the study region. Mean annual infiltration was estimated to be 
from 592 mm to over 1250 mm depending on precipitation and water management. The 
soils in the regions were all derived from loess and water management systems included 
dryland, sprinkler and furrow irrigation. 
Figure 2-23. Modified ensemble graph of geometric mean of potential groundwater 
recharge versus mean annual infiltration as found by the NPDM (considering 
residual water content of the soil), DLUG and monolithic percolation lysimeter, 
under different irrigation systems and dryland. 
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Intermediate vadose zone soil texture analysis, organic matter, water content and 
NO3-N concentrations were measured in 56 boreholes, most to a depth of 7.6 m but some 
to 19.5 m. A direct-push coring machine was used for sampling. The recharge from two 
no-till center pivot irrigated fields with different average annual precipitation, two center 
pivot irrigated fields with various tillage treatments, a furrow irrigated system with 
different tillage practices, a dryland eco-fallow field and a dryland native rangeland site 
were compared. 
 
Figure 2-24. Modified ensemble graph of mean annual ETwb, ÊTwb and % R versus 
mean annual infiltration for water balance. 
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Potential mean annual recharge was determined by two methods, the nitrate peak 
displacement method (NPDM) and Darcy’s Law with a unit gradient assumption 
(DLUG). The unit gradient assumption was verified using the soil texture analysis and 
water content data in the profile. 
Measured mean annual recharge varied from less than 1 mm to 475 mm. In 
general, the following trends were observed: Dryland native rangeland had the lowest 
recharge followed by dryland eco-fallow farming: irrigation increases recharge with 
recharge under center pivot being lower than recharge under furrow irrigation, recharge 
Figure 2-25. Recharge as estimated by Eq. 11 without considering θr (solid line) and 
considering θr (dotted line). 
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was greater at the upstream end of furrows compared to the downstream end, tillage 
practices did not significantly affect recharge at the center pivot irrigated sites but did 
under furrow irrigation probably due to the high impact of tillage on infiltration in the 
irrigated furrows. While furrow irrigation results in increased potential recharge, it is not 
necessarily better for the aquifer due to the large amounts of water extracted from the 
aquifer for furrow irrigation compared to CP irrigation. 
Mean annual recharge (R) was correlated to mean annual infiltration (F) as would 
be expected. A one parameter empirical equation was developed that relates R and F for 
agricultural land in South Central Nebraska. The slope of the equation (dR/dF) is logical 
in the extremes, i.e., dR/dF=0 as F→0 and dR/dF=1 as F→∞. Further, the equation is 
consistent in that R=0 when F=0. 
Using the equation in conjunction with the water balance equation, it was found 
that the percent of annual infiltration that contributes to recharge varied from 9% when 
F=200 mm to 34% when F=1000 mm.  
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3. Chapter 3: General Conclusion and Recommendations for Future 
Research 
A variety of approaches for estimating potential groundwater recharge was used 
in this study, including the Nitrate Peak Displacement Method and Darcy’s Law with unit 
gradient assumption. The results of both estimation methods were enhanced using 
cumulative water content depth differences in the intermediate vadose zone. The variety 
of land uses and water and soil management practices provided strong evidence that 
Nebraska’s agro-system water resources sustainability can be addressed. Good agreement 
between recharge versus infiltration from precipitation plus irrigation (equation inputs) 
was found and Equation 11. The equation can provide a first estimate of mean annual 
potential groundwater recharge under land uses and water management practices for 
South Central Nebraska provided that mean annual infiltration can be estimated. As 
expected, as infiltration increased, the percentage of infiltration that became recharge also 
increases. 
3.1. Future Research 
Sampling soil cores at shorter intervals (~0.1 m) could potentially provide a better 
shape of nitrate-nitrogen distribution versus depth below soil surface. Thus, fitting of a 
sine function and using the wavelength of the curve as mean pore water velocity 
multiplied by mean volumetric water content with depth could be used as a standardized 
method for determining the distance between peaks when using the NPDM. 
Other methods that include the use of tracers, such as the mass balance and the 
tracer-profile methods could be included for comparison. Improved water balance or 
lysimetry could also provide useful data for analysis. 
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In groundwater recharge estimation, consistency on sampling depths and time, 
together with uniform methods for measuring soil properties is important. 
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Appendix A: Statistical Analysis 
The “Type III Test of Fixed Effects” table indicates the Treatment DF (Num DF), 
Error DF (Den DF), an F Value (ANOVA uses a F statistics) and a p-value. The p-value 
indicates if there is at least one significant difference, when more than two treatments are 
compared. 
The next part of the output, the “Treatment Lease Squares Means” table shows the 
mean (Estimate), the standard error, degrees of freedom, t-value and p-value, which are 
testing that the mean is different from zero, alpha level used, and an upper and lower 
limits of a 95% confidence interval around the mean. 
If the “Type III Test of Fixed Effects” table indicates that there is at least one 
significant difference, the “Differences of Treatment Least Squares Means” table shows 
the difference between treatments (Estimate), the standard error of the difference, degrees 
of freedom, t-value and p-value, which are testing that the difference between treatments 
is different from zero, alpha level used, and an upper and lower limits of a 95% 
confidence interval around the difference of the means. If only two treatments are 
compared, the p-value from Type III table must be equal to the p-value in this table. 
The next table, the “T Grouping for Treatment Least Squares Means” table, shows 
multiple range tests. The software ranks the means and then tests in order the lowest 
mean with the highest, then the lowest mean with the next highest, until the differences 
are no longer statistically significant. Least squares means with same letter are not 
significantly different. 
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The next set of graphs show information about the homogeneity of variances 
(upper left-hand) and the normality assumption (other three graphs). In the upper left-
hand graph, if the linear predictor value increases, the spread of the residual should not 
increase, indicating homogeneous variances. The upper right-hand plot shows if the 
residuals are close or not to normally distributed. The bottom left-hand plot is called 
normal probability plot and the residuals should follow a straight line fairly close to meet 
the normality assumption. The final box plot plots the quartiles as well as the mean. The 
mean and the median being close would indicate normality. 
In order to test if the variances are equal, the “Tests of Covariance Parameters 
Based on the Restricted Likelihood” table shows the homogeneity of variance assumption 
test. A p-value higher than the alpha indicates that the equality of variances assumptions 
is met and both treatments are identically-distributed. 
The last table in the SAS output, the “Tests for Normality” table, shows 
information about the Shapiro-Wilk test. This test is the most commonly used for 
normality. A high significant p-value would indicate that there may be a problem with 
non-normality. P-values higher than 0.05 alpha level indicate that normality assumption 
is met. 
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 Nitrate Peak Displacement Method 
Phelps County NT vs. T 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 1.19 0.3366 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PC_NT 5.6569 0.06154 4 91.93 <.0001 0.05 5.4861 5.8278 
PC_T 5.5620 0.06154 4 90.38 <.0001 0.05 5.3911 5.7328 
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Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 -4.3616 0.06 0.7996 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.922399 Pr < W 0.5228 
 
Phelps County NT vs. Fillmore County NT 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 7.40 0.0529 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FC_NT 5.8717 0.05581 4 105.21 <.0001 0.05 5.7167 6.0267 
PC_NT 5.6569 0.05581 4 101.36 <.0001 0.05 5.5020 5.8119 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard 
Error 
DF t Value Pr > |t| Alpha Lower Upper 
FC_NT PC_NT 0.2148 0.07893 4 2.72 0.0529 0.05 -0.00437 0.4339 
 
 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate 
 
FC_NT 5.8717 A 
PC_NT 5.6569 A 
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Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 -5.1431 0.41 0.5201 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.958369 Pr < W 0.8071 
 
 
Harlan County vs. Phelps County 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 3 6 6.00 0.0308 
 
85 
 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
HC_EFS 5.1631 0.2127 6 24.27 <.0001 0.05 4.6426 5.6836 
HC_RL 4.5911 0.2127 6 21.58 <.0001 0.05 4.0705 5.1116 
PC_NT 5.6569 0.1737 6 32.57 <.0001 0.05 5.2319 6.0819 
PC_T 5.5620 0.1737 6 32.02 <.0001 0.05 5.1370 5.9870 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
HC_EFS HC_RL 0.5721 0.3008 6 1.90 0.1059 0.05 -0.1641 1.3082 
HC_EFS PC_NT -0.4938 0.2746 6 -1.80 0.1223 0.05 -1.1658 0.1782 
HC_EFS PC_T -0.3988 0.2746 6 -1.45 0.1966 0.05 -1.0708 0.2731 
HC_RL PC_NT -1.0659 0.2746 6 -3.88 0.0082 0.05 -1.7379 -0.3939 
HC_RL PC_T -0.9709 0.2746 6 -3.54 0.0123 0.05 -1.6429 -0.2989 
PC_NT PC_T 0.09495 0.2456 6 0.39 0.7124 0.05 -0.5061 0.6960 
 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
PC_NT 5.6569  A 
PC_T 5.5620  A 
HC_EFS 5.1631 B A 
HC_RL 4.5911 B  
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Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 3 6.1965 8.56 0.0357 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.909568 Pr < W 0.2780 
 
 
Fillmore County NT vs. Clay County Upstream end of the furrow 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 7 13 3.60 0.0223 
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trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BDSPU 5.9348 0.06543 13 90.70 <.0001 0.05 5.7934 6.0761 
BRTU 5.9408 0.06543 13 90.79 <.0001 0.05 5.7994 6.0822 
BSPU 6.1147 0.06543 13 93.45 <.0001 0.05 5.9733 6.2560 
FC_NT 5.8717 0.05343 13 109.90 <.0001 0.05 5.7563 5.9871 
KDSPCCU 6.0047 0.05343 13 112.39 <.0001 0.05 5.8892 6.1201 
KDSPCSU 6.0896 0.05343 13 113.98 <.0001 0.05 5.9742 6.2050 
KRTCCU 6.1233 0.05343 13 114.61 <.0001 0.05 6.0078 6.2387 
KSPCCU 6.1641 0.05343 13 115.38 <.0001 0.05 6.0487 6.2796 
 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BDSPU BRTU -0.00602 0.09254 13 -0.07 0.9491 0.05 -0.2059 0.1939 
BDSPU BSPU -0.1799 0.09254 13 -1.94 0.0739 0.05 -0.3798 0.02002 
BDSPU FC_NT 0.06308 0.08448 13 0.75 0.4685 0.05 -0.1194 0.2456 
BDSPU KDSPCCU -0.06987 0.08448 13 -0.83 0.4231 0.05 -0.2524 0.1126 
BDSPU KDSPCSU -0.1548 0.08448 13 -1.83 0.0899 0.05 -0.3373 0.02769 
BDSPU KRTCCU -0.1885 0.08448 13 -2.23 0.0439 0.05 -0.3710 -0.00598 
BDSPU KSPCCU -0.2294 0.08448 13 -2.72 0.0177 0.05 -0.4118 -0.04685 
BRTU BSPU -0.1739 0.09254 13 -1.88 0.0829 0.05 -0.3738 0.02604 
BRTU FC_NT 0.06911 0.08448 13 0.82 0.4281 0.05 -0.1134 0.2516 
BRTU KDSPCCU -0.06385 0.08448 13 -0.76 0.4632 0.05 -0.2463 0.1186 
BRTU KDSPCSU -0.1488 0.08448 13 -1.76 0.1017 0.05 -0.3313 0.03371 
BRTU KRTCCU -0.1825 0.08448 13 -2.16 0.0500 0.05 -0.3650 0.000045 
BRTU KSPCCU -0.2233 0.08448 13 -2.64 0.0203 0.05 -0.4058 -0.04083 
BSPU FC_NT 0.2430 0.08448 13 2.88 0.0130 0.05 0.06048 0.4255 
BSPU KDSPCCU 0.1100 0.08448 13 1.30 0.2154 0.05 -0.07248 0.2925 
BSPU KDSPCSU 0.02509 0.08448 13 0.30 0.7712 0.05 -0.1574 0.2076 
BSPU KRTCCU -0.00858 0.08448 13 -0.10 0.9207 0.05 -0.1911 0.1739 
BSPU KSPCCU -0.04945 0.08448 13 -0.59 0.5683 0.05 -0.2320 0.1330 
FC_NT KDSPCCU -0.1330 0.07556 13 -1.76 0.1020 0.05 -0.2962 0.03027 
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Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FC_NT KDSPCSU -0.2179 0.07556 13 -2.88 0.0128 0.05 -0.3811 -0.05466 
FC_NT KRTCCU -0.2516 0.07556 13 -3.33 0.0054 0.05 -0.4148 -0.08833 
FC_NT KSPCCU -0.2924 0.07556 13 -3.87 0.0019 0.05 -0.4557 -0.1292 
KDSPCCU KDSPCSU -0.08493 0.07556 13 -1.12 0.2813 0.05 -0.2482 0.07830 
KDSPCCU KRTCCU -0.1186 0.07556 13 -1.57 0.1405 0.05 -0.2818 0.04463 
KDSPCCU KSPCCU -0.1595 0.07556 13 -2.11 0.0547 0.05 -0.3227 0.003755 
KDSPCSU KRTCCU -0.03367 0.07556 13 -0.45 0.6632 0.05 -0.1969 0.1296 
KDSPCSU KSPCCU -0.07454 0.07556 13 -0.99 0.3419 0.05 -0.2378 0.08869 
KRTCCU KSPCCU -0.04087 0.07556 13 -0.54 0.5977 0.05 -0.2041 0.1224 
 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
KSPCCU 6.1641   A  
KRTCCU 6.1233 B  A  
BSPU 6.1147 B  A C 
KDSPCSU 6.0896 B  A C 
KDSPCCU 6.0047 B D A C 
BRTU 5.9408 B D  C 
BDSPU 5.9348  D  C 
FC_NT 5.8717  D   
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Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 7 -17.4187 4.52 0.7181 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.976694 Pr < W 0.8713 
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Fillmore County NT vs. Clay County Downstream end of the furrow 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 7 13 4.53 0.0093 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BDSPD 5.9144 0.06884 13 85.91 <.0001 0.05 5.7657 6.0631 
BRTD 5.7966 0.06884 13 84.20 <.0001 0.05 5.6479 5.9454 
BSPD 5.8160 0.06884 13 84.48 <.0001 0.05 5.6672 5.9647 
FC_NT 5.8717 0.05621 13 104.46 <.0001 0.05 5.7503 5.9931 
KDSPCCD 6.1514 0.05621 13 109.43 <.0001 0.05 6.0300 6.2728 
KDSPCSD 5.9937 0.05621 13 106.63 <.0001 0.05 5.8722 6.1151 
KRTCCD 5.8518 0.05621 13 104.10 <.0001 0.05 5.7303 5.9732 
KSPCCD 5.7850 0.05621 13 102.91 <.0001 0.05 5.6636 5.9064 
 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BDSPD BRTD 0.1178 0.09736 13 1.21 0.2479 0.05 -0.09255 0.3281 
BDSPD BSPD 0.09844 0.09736 13 1.01 0.3304 0.05 -0.1119 0.3088 
BDSPD FC_NT 0.04271 0.08888 13 0.48 0.6388 0.05 -0.1493 0.2347 
BDSPD KDSPCCD -0.2370 0.08888 13 -2.67 0.0194 0.05 -0.4290 -0.04498 
BDSPD KDSPCSD -0.07925 0.08888 13 -0.89 0.3888 0.05 -0.2713 0.1128 
BDSPD KRTCCD 0.06264 0.08888 13 0.70 0.4934 0.05 -0.1294 0.2546 
BDSPD KSPCCD 0.1294 0.08888 13 1.46 0.1691 0.05 -0.06261 0.3214 
BRTD BSPD -0.01934 0.09736 13 -0.20 0.8456 0.05 -0.2297 0.1910 
BRTD FC_NT -0.07508 0.08888 13 -0.84 0.4135 0.05 -0.2671 0.1169 
BRTD KDSPCCD -0.3548 0.08888 13 -3.99 0.0015 0.05 -0.5468 -0.1628 
BRTD KDSPCSD -0.1970 0.08888 13 -2.22 0.0451 0.05 -0.3890 -0.00502 
BRTD KRTCCD -0.05515 0.08888 13 -0.62 0.5457 0.05 -0.2472 0.1369 
BRTD KSPCCD 0.01161 0.08888 13 0.13 0.8980 0.05 -0.1804 0.2036 
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Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BSPD FC_NT -0.05574 0.08888 13 -0.63 0.5414 0.05 -0.2477 0.1363 
BSPD KDSPCCD -0.3354 0.08888 13 -3.77 0.0023 0.05 -0.5274 -0.1434 
BSPD KDSPCSD -0.1777 0.08888 13 -2.00 0.0669 0.05 -0.3697 0.01432 
BSPD KRTCCD -0.03581 0.08888 13 -0.40 0.6936 0.05 -0.2278 0.1562 
BSPD KSPCCD 0.03095 0.08888 13 0.35 0.7332 0.05 -0.1611 0.2230 
FC_NT KDSPCCD -0.2797 0.07950 13 -3.52 0.0038 0.05 -0.4514 -0.1080 
FC_NT KDSPCSD -0.1220 0.07950 13 -1.53 0.1490 0.05 -0.2937 0.04978 
FC_NT KRTCCD 0.01993 0.07950 13 0.25 0.8060 0.05 -0.1518 0.1917 
FC_NT KSPCCD 0.08669 0.07950 13 1.09 0.2953 0.05 -0.08505 0.2584 
KDSPCCD KDSPCSD 0.1577 0.07950 13 1.98 0.0687 0.05 -0.01400 0.3295 
KDSPCCD KRTCCD 0.2996 0.07950 13 3.77 0.0023 0.05 0.1279 0.4714 
KDSPCCD KSPCCD 0.3664 0.07950 13 4.61 0.0005 0.05 0.1947 0.5381 
KDSPCSD KRTCCD 0.1419 0.07950 13 1.78 0.0976 0.05 -0.02985 0.3136 
KDSPCSD KSPCCD 0.2086 0.07950 13 2.62 0.0210 0.05 0.03691 0.3804 
KRTCCD KSPCCD 0.06676 0.07950 13 0.84 0.4162 0.05 -0.1050 0.2385 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate 
 
KDSPCCD 6.1514 
 
A 
KDSPCSD 5.9937 B A 
BDSPD 5.9144 B C 
FC_NT 5.8717 B C 
KRTCCD 5.8518 B C 
BSPD 5.8160 B C 
BRTD 5.7966 
 
C 
KSPCCD 5.7850 
 
C 
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Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 7 -16.0976 6.22 0.5144 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.944931 Pr < W 0.2723 
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DSP tillage system upstream end vs. downstream end of the furrow 
Based on Katupitiya’s data (CC) 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 5.17 0.0854 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
KDSPCCD 6.1514 0.04564 4 134.77 <.0001 0.05 6.0247 6.2781 
KDSPCCU 6.0047 0.04564 4 131.55 <.0001 0.05 5.8779 6.1314 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
KDSPCCD KDSPCCU 0.1467 0.06455 4 2.27 0.0854 0.05 -0.03248 0.3260 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
KDSPCCD 6.1514 A 
KDSPCCU 6.0047 A 
 
Based on Katupitiya’s data (CS) 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 1.06 0.3610 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
KDSPCSD 5.9937 0.06583 4 91.05 <.0001 0.05 5.8109 6.1764 
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trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
KDSPCSU 6.0896 0.06583 4 92.50 <.0001 0.05 5.9068 6.2724 
 
Based on Bobier’s data 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 2 0.09 0.7945 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BDSPD 5.9144 0.04852 2 121.90 <.0001 0.05 5.7057 6.1232 
BDSPU 5.9348 0.04852 2 122.32 <.0001 0.05 5.7260 6.1435 
 
RT tillage system upstream end vs. downstream end of the furrow 
Based on Katupitiya’s data 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 21.27 0.0099 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
KRTCCD 5.8518 0.04162 4 140.59 <.0001 0.05 5.7362 5.9673 
KRTCCU 6.1233 0.04162 4 147.12 <.0001 0.05 6.0077 6.2388 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
KRTCCD KRTCCU -0.2715 0.05886 4 -4.61 0.0099 0.05 -0.4349 -0.1081 
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T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
KRTCCU 6.1233 A 
KRTCCD 5.8518 B 
 
Based on Bobier’s data 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 2 6.29 0.1290 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BRTD 5.7966 0.04066 2 142.58 <.0001 0.05 5.6217 5.9716 
BRTU 5.9408 0.04066 2 146.12 <.0001 0.05 5.7659 6.1157 
 
 
SP tillage system upstream end vs. downstream end of the furrow 
Based on Katupitiya’s data 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 9.04 0.0397 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
KSPCCD 5.7850 0.08915 4 64.89 <.0001 0.05 5.5375 6.0325 
KSPCCU 6.1641 0.08915 4 69.15 <.0001 0.05 5.9166 6.4116 
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Differences of trt Least Squares Means 
trt _trt Estimate Standard 
Error 
DF t Value Pr > |t| Alpha Lower Upper 
KSPCCD KSPCCU -0.3791 0.1261 4 -3.01 0.0397 0.05 -0.7292 -0.02909 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
KSPCCU 6.1641 A 
KSPCCD 5.7850 B 
 
Based on Bobier’s data 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 2 43.04 0.0225 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BSPD 5.8160 0.03220 2 180.64 <.0001 0.05 5.6774 5.9545 
BSPU 6.1147 0.03220 2 189.91 <.0001 0.05 5.9761 6.2532 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
BSPD BSPU -0.2987 0.04553 2 -6.56 0.0225 0.05 -0.4946 -0.1028 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
BSPU 6.1147 A 
BSPD 5.8160 B 
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Darcy’s Law with Unit Gradient Assumption (2013 samples) 
Phelps County NT vs. T 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 0.09 0.7799 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCNT -3.7328 0.7076 4 -5.28 0.0062 0.05 -5.6974 -1.7682 
PCT -4.0319 0.7076 4 -5.70 0.0047 0.05 -5.9965 -2.0673 
 
Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 15.1761 0.57 0.4483 DF 
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Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.946689 Pr < W 0.7134 
 
Phelps County NT vs. Fillmore County NT 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 0.30 0.6126 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT -3.1799 0.7129 4 -4.46 0.0112 0.05 -5.1594 -1.2005 
PCNT -3.7328 0.7129 4 -5.24 0.0064 0.05 -5.7123 -1.7534 
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Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 15.2364 0.60 0.4404 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.939953 Pr < W 0.6588 
 
 
Phelps County vs. Harlan County 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 3 6 27.23 0.0007 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
HCEFS -4.8913 0.8880 6 -5.51 0.0015 0.05 -7.0642 -2.7183 
HCR -13.0497 0.8880 6 -14.69 <.0001 0.05 -15.2227 -10.8767 
PCNT -3.7328 0.7251 6 -5.15 0.0021 0.05 -5.5070 -1.9586 
PCT -4.0319 0.7251 6 -5.56 0.0014 0.05 -5.8061 -2.2577 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
HCEFS HCR 8.1584 1.2559 6 6.50 0.0006 0.05 5.0854 11.2314 
HCEFS PCNT -1.1585 1.1465 6 -1.01 0.3513 0.05 -3.9637 1.6468 
HCEFS PCT -0.8594 1.1465 6 -0.75 0.4818 0.05 -3.6646 1.9459 
HCR PCNT -9.3169 1.1465 6 -8.13 0.0002 0.05 -12.1222 -6.5116 
HCR PCT -9.0178 1.1465 6 -7.87 0.0002 0.05 -11.8231 -6.2125 
PCNT PCT 0.2991 1.0254 6 0.29 0.7804 0.05 -2.2100 2.8082 
 
 
100 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
PCNT -3.7328 A 
PCT -4.0319 A 
HCEFS -4.8913 A 
HCR -13.0497 B 
 
Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 3 23.3448 1.39 0.7077 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.944406 Pr < W 0.6030 
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Darcy’s Law with Unit Gradient Assumption (2009 samples) 
Phelps County NT vs. T 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 0.08 0.7923 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCNT -3.0682 0.3894 4 -7.88 0.0014 0.05 -4.1494 -1.9869 
PCT -2.9132 0.3894 4 -7.48 0.0017 0.05 -3.9944 -1.8319 
 
 
Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 10.3986 0.65 0.4192 DF 
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Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.93042 Pr < W 0.5833 
 
Fillmore County NT vs. T 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 8.18 0.0459 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT -4.3161 0.5664 4 -7.62 0.0016 0.05 -5.8888 -2.7434 
FCT -2.0250 0.5664 4 -3.57 0.0233 0.05 -3.5977 -0.4523 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT FCT -2.2911 0.8011 4 -2.86 0.0459 0.05 -4.5152 -0.06692 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
FCT -2.0250 A 
FCNT -4.3161 B 
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Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 13.3962 0.06 0.8028 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.906224 Pr < W 0.4120 
 
Phelps County NT vs. Fillmore County NT 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 3.14 0.1512 
 
 
 
104 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT -4.3161 0.4981 4 -8.66 0.0010 0.05 -5.6992 -2.9330 
PCNT -3.0682 0.4981 4 -6.16 0.0035 0.05 -4.4512 -1.6851 
 
 
 
 
Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 12.3683 0.01 0.9251 DF 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.919475 Pr < W 0.5016 
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Phelps County T vs. Fillmore County T 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 1.76 0.2555 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCT -2.0250 0.4737 4 -4.28 0.0129 0.05 -3.3402 -0.7099 
PCT -2.9132 0.4737 4 -6.15 0.0035 0.05 -4.2283 -1.5980 
 
 
Tests of Covariance Parameters Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Homogeneity 1 11.9653 1.24 0.2645 DF 
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Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.879572 Pr < W 0.2671 
 
Darcy’s Law with Unit Gradient Assumption (2013 vs 2009) 
Phelps County NT 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 0.92 0.3926 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCNT13 -3.7328 0.4910 4 -7.60 0.0016 0.05 -5.0960 -2.3697 
PCNT9 -3.0682 0.4910 4 -6.25 0.0033 0.05 -4.4313 -1.7050 
 
Fillmore County NT 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 1.25 0.3258 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT13 -3.1799 0.7179 4 -4.43 0.0114 0.05 -5.1732 -1.1867 
FCNT9 -4.3161 0.7179 4 -6.01 0.0039 0.05 -6.3093 -2.3228 
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Phelps County T 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 1.52 0.2849 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCT13 -4.0319 0.6413 4 -6.29 0.0033 0.05 -5.8125 -2.2513 
PCT9 -2.9132 0.6413 4 -4.54 0.0105 0.05 -4.6938 -1.1326 
 
Volumetric Water Content (2013 samples) 
Phelps County NT vs. T 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 0.18 0.6930 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCNT 1.5204 0.03109 4 48.90 <.0001 0.05 1.4340 1.6067 
PCT 1.5390 0.03109 4 49.50 <.0001 0.05 1.4527 1.6254 
 
Phelps County NT vs. Fillmore County NT 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 9.06 0.0396 
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trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT 1.7897 0.06328 4 28.28 <.0001 0.05 1.6140 1.9654 
PCNT 1.5204 0.06328 4 24.03 <.0001 0.05 1.3447 1.6961 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT PCNT 0.2694 0.08949 4 3.01 0.0396 0.05 0.02089 0.5178 
   
Phelps County vs. Harlan County 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 3 6 97.81 <.0001 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
HCEF 1.2114 0.04131 6 29.32 <.0001 0.05 1.1103 1.3125 
HCRL 0.7216 0.04131 6 17.47 <.0001 0.05 0.6205 0.8227 
PCNT 1.5204 0.03373 6 45.07 <.0001 0.05 1.4378 1.6029 
PCT 1.5390 0.03373 6 45.62 <.0001 0.05 1.4565 1.6216 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard 
Error 
DF t Value Pr > |t| Alpha Lower Upper 
HCEF HCRL 0.4898 0.05843 6 8.38 0.0002 0.05 0.3468 0.6328 
HCEF PCNT -0.3090 0.05334 6 -5.79 0.0012 0.05 -0.4395 -0.1785 
HCEF PCT -0.3276 0.05334 6 -6.14 0.0009 0.05 -0.4581 -0.1971 
HCRL PCNT -0.7988 0.05334 6 -14.98 <.0001 0.05 -0.9293 -0.6683 
HCRL PCT -0.8174 0.05334 6 -15.33 <.0001 0.05 -0.9479 -0.6869 
PCNT PCT -0.01867 0.04771 6 -0.39 0.7091 0.05 -0.1354 0.09807 
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T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
PCT 1.5390 A 
PCNT 1.5204 A 
HCEF 1.2114 B 
HCRL 0.7216 C 
Volumetric Water Content (2009 samples) 
Phelps County NT vs. T 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 1.25 0.3263 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCNT 1.6004 0.04081 4 39.22 <.0001 0.05 1.4871 1.7137 
PCT 1.6649 0.04081 4 40.80 <.0001 0.05 1.5516 1.7782 
 
Fillmore County NT vs. T 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 0.05 0.8272 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT 1.7591 0.07798 4 22.56 <.0001 0.05 1.5426 1.9756 
FCT 1.7848 0.07798 4 22.89 <.0001 0.05 1.5683 2.0013 
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Phelps County NT vs. Fillmore County NT 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 2.10 0.2213 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT 1.7591 0.07754 4 22.69 <.0001 0.05 1.5439 1.9744 
PCNT 1.6004 0.07754 4 20.64 <.0001 0.05 1.3851 1.8157 
 
Phelps County T vs. Fillmore County T 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 4.15 0.1114 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCT 1.7848 0.04164 4 42.86 <.0001 0.05 1.6692 1.9004 
PCT 1.6649 0.04164 4 39.98 <.0001 0.05 1.5493 1.7805 
 
Volumetric Water Content (2013 vs. 2009) 
Phelps County NT 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 7.61 0.0509 
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trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCNT09 1.6004 0.02052 4 78.00 <.0001 0.05 1.5434 1.6574 
PCNT13 1.5204 0.02052 4 74.10 <.0001 0.05 1.4634 1.5773 
 
Differences of trt Least Squares Means 
trt _trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCNT09 PCNT13 0.08003 0.02902 4 2.76 0.0509 0.05 -0.00053 0.1606 
 
T Grouping for trt Least Squares Means (Alpha=0.05) 
LS-means with the same letter are not significantly different. 
trt Estimate  
PCNT09 1.6004 A 
PCNT13 1.5204 A 
 
Fillmore County NT 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 0.05 0.8360 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
FCNT09 1.7591 0.09796 4 17.96 <.0001 0.05 1.4872 2.0311 
FCNT13 1.7897 0.09796 4 18.27 <.0001 0.05 1.5178 2.0617 
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Phelps County T 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
trt 1 4 3.58 0.1313 
 
trt Least Squares Means 
trt Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper 
PCT09 1.6649 0.04702 4 35.41 <.0001 0.05 1.5344 1.7954 
PCT13 1.5390 0.04702 4 32.73 <.0001 0.05 1.4085 1.6696 
 
 
